
������� �����
	�� ���	���� ����������� ����	��	�� � !"���#�������$�%�&���(' )*�+�-,.�
/0��12�3�$�4�"�5�4��� 67�����8,9��	�����:#	�� ;(�<�=�
	����?>@:-���BAC	���	D�	�� � �
EF,

GH����� �$�I	�1 J ,K��� �L���
	�� �=�8���HM

N�OQP�OSRUT.V8OXWYO[Z�\^]_O^`
R�acbS\^dfegO^hiV%hj\�O^`%k�lma5WfWfandfeg`3ZpoqO^`
r5and(o-as`�Wfacd

R�egrut�OvashiwxT_y#anz W{\4`
|(`
e~}�and{��e~W<P7\v���eg��rn\4`
��eg`

wI�3dfegO^`L� T_�#Ov��Wfacd�P
|F`
e�}�andf�fe~W<PS\^�=�*O^��t
eg`3Z^W{\4`

� acrYt
`
egrcO^h9��ac]�\^d�W#`
\
T��4���
�Fac]_Ovd�W{b�ac`�Wq\^��V�WuO[W{ej��W{ejrc�
|F`
e�}�andf�fe~W<PS\^�=�*O^��t
eg`3Z^W{\4`

y(\Q}�acb?�2acd��v�^�4�

���������x�F�.�Y������ �¡�¢c��£�¤¦¥-§�¥�¥�¤¨¥�����£{�ª©¬«�¡�¯®°¥�¥�¡�«°±9²�®�¢n��«³��´µ®°£f�q¡��¶�¢c¤¨·¸®°´�¤¹¡�º¨¡� ��x��£5·�»3¤¹¡�¥�������¤¨¥���¤¨¼�¥�±
�-®°´µ¡�«³¤¨��º$�Yº¹¡���£Y½�¾i®�����®�«³¤¨£¸ �¿
��£5¼�®�«À¿8®°£f��®�«�±qÁ°Â�Ã�ÄÆÅ�¡�«�ÇÈ§2É�®°£uÊ¸®�±$Ë_®�ÌÍÅ�¡�«�Çs±�Ë_Å Á�Î�Î�ÂYÁ�ÏF¶%´���¤¨ºÑÐ
Ò�Ó�Ô5Ó�ÕYÖu×�ØQÙ�ÖnÒ<Ô¸Ó¬Ú¯Û[Ò�ÜcÝuÝ4ÚÞÖfßuÕ ���ª¤¨¼³à5��®°º=§K��Ë2®�Ì���¡�£S¤¨¥q§2¥³¥�¡u¼�¤¦����®I©¬«�¡�á®°¥³¥�¡�«�¡���u������¤¨¥���¤¨¼�¥���£5·�»3¤¹¡�½¥�������¤¨¥���¤¨¼�¥�±câ�£5¤¹É�®�«�¥�¤¹����¡�4ãx¤¦¥�¼�¡�£5¥�¤¨£X±c�-��·n¤¨¥�¡�£ä±¸ãxå_Ä�æ�Ã<Î�çu±ä¶¬´���¤¨º~Ð4è5é�ê ÔYÖ è ×�ØQÙ�ÖnÒ�Ô5Ó�Ô8Ú ê ÙYÒ{Ý4Ú éfë�ìs±fã ®�íXÐêuê{ê Ú³Ò<Ô5Ó�Ô3Ú ê ÙYÒfÝ�Ú é{ë�ìnînï�èné�ê Ô¸Ö è Ú §�·¸«³¤¨��£ð¶��8ñ_��¯��®�«��0¤¨¥B©¬«�¡�¯®°¥�¥�¡�«�¡�K�u������¤¨¥���¤¨¼�¥���£5·ò�u¡Y¼�¤¹¡�º¹¡� ���±�²�®�½¢n��«���´�®°£f��¡��u������¤¦¥���¤¨¼�¥�±�â2£5¤¨É�®�«³¥�¤¹�j�0¡�iã#��¥�à5¤¦£¸ ���¡�£ä±2»8¡�óòæ�Ä<ôfæ�Â�Âu±K�u®°������º¨®qã�§*õ�öYÁ°õ�Ä�½~ôfæ�Â�ÂuÏµ¶%´���¤¨ºÑÐ
ß5Ó�÷{Ô é ßuøY×nÒ�Ô5Ó�Ô8Ú ê Ó5Ò�ùsÙ è Õ{Ô¸Ö è Ú é{ë�ìäÏäã ®�íXÐBê{êuê Ú�Ò<Ô¸Ó�Ô8Ú ê Ó¸Ò�ùsÙ è ÕfÔ¸Ö è Ú éfë�ì5î ß¸Ó�÷fÔ é ßfø ��ñ_��¯��®�«��súû¥«�®°¥�®°��«³¼�àÌ3��¥_¥�Ê¸¢n¢s¡�«³��®°·�íu�-ü.Ë�ñ? �«³��£{�_£¸¡¸��Ë�Î�Î�Î¸Á�ô�½jõ�ç�½³ÁD½³Á�Î�õ�Âu�



Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
NOV 2000 2. REPORT TYPE 

3. DATES COVERED 
  00-11-2000 to 00-11-2000  

4. TITLE AND SUBTITLE 
Easy Estimation of Normalizing Constants and Bayes Factors from
Posterior Simulation: Stabilizing the Harmonic Mean Estimator 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
University of Washington,Department of Statistics,Box 
354322,Seattle,WA,98195-4322 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 

18. NUMBER
OF PAGES 

22 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



���������
	���

��������������������� "!�#�$%���'&��(���)&�*+�(&�,-,.�#/�0�)!#�,1!32��4*5�"��*%�4�� 6$7!�8:9<;��=*%�4&>*?�= "$%!�8@!=�A "��$%��,-���=�"&�#(�
$%8CB!�*7B�4����B�=*%&��= "$%8�DE 6�>�F$%8C 6��D�#6�G 6�42.*%$%H=�4*7$%��!3!I2KJ)!�#ML�#($%!�#NL�#(�42�$7�� 6$OB��52��48��($7 P�>Q�RIST��$%�U���4�8�VW�F�4�/ 6$OX
,1�= 6��2A�)#(!�,Y 6�>�Z!�&I 6L�&> [!��\];�\];^�8>2_! "���4#[LW!��( "�4#"$7!�#`�"$7,a&�*%�= 6$7!�8+,1�� 6��!32��b&��($%8�DT 6���c���=#",-!�8�$%�
,-���8d�4�( "$%,1�= 6!#49�ef��$7*%�g 6��$7�_$7�h�i�"$%,h&�*?�= "$%!�83XP�4!8��"$7�( 6��8C _���( "$%,1�= 6!�#�Rj$O A���8^����B��$%8Ik�8�$7 "�-B=�#($OX
�8����9clP8� 6�>$%���#/ 6$7�4*%�mSM�+2>�4�"��#"$7Vn�E�a,-�� "��!I21 6!o�( 6�V�$7*%$%p��5 "���F���#(,1!8�$%�5,1�4�8��4�/ 6$%,1�= "!�#49�q58�2���#
 6�>$%�1�L�L�#(!C��U�:RM "���rL��#6�,-�� "�4#g�"L���4�]$7�g#"�42>&��4��2s�"&��U�t "���= - 6���K,1!32�$Ok��42u�4�/ 6$%,1�= "!�#o$%8CB�!*7B����
�]���#(,1!8�$%�1,1�4�8'!�m������B3$%��#a U�$7*%��2^2��48>�"$7 "$%���4Rv 6�w&��o#(�4�"&>*7 6$78�D]$78x�rk�8�$7 "�.B=�#"$%�8������4�/ 6$%,1�= "!�#49
ed�K2�$7�"��&��"�-D��48>�4#6�=*m��!�8�2�$O 6$7!�8��o&�8�2>�4#gST��$%�U�x 6��$7�g#"�42>&��� "$%!�8u$%�-�L�L>*%$%�4�V�*7���8�20$%*%*7&��( "#6�= "�. 6�>�
L�#(!�Ln!�"�42i,-�� 6�>!I2� 6�>#"!�&�D�K�(��B���#6�*b�zy��=,1L�*7�4��9

{o|�}G~M�G�"�G�����������4�����=�� 6!#4RI�M�� 6�GXPV�$78�!�,-$?�*�RClP8C 6�4D#6�= "�42�*%$7H��*%$%�>!I!32:Rw�j!$%�"�(!�8IX��A�,-,1�A2�$7�( "#"$%V>&> 6$7!�8:R
�  6�= 6$7�( 6$7���*nD��48>�� 6$7�4��R��N�#"$%�8��4�+#(�42�&>�� 6$7!�8:9



���������	����


� �� ���������[������ � �

� � ��	������������ ��� �� "!$#i	��&%'� � ���)(*!3	 �,+ ������% 	>�-� � �

. � ��	>������������	/�10�! � !C�����C� 2

3 4 !C��	65 4 � � �7%8�)	/� 9

: ; �� "!w��<�!6���[������ � �>=E� � �?%'@���!BAC�7������� �ED 0�	/%8% 	F(*���"!G� �H3

2 I)�����H�[���J��� � �H3

KML 
��N�PO*Q L�RPSUT �C


V W !�#(,.�=*:�8�2)X XPV���"��2ZY5�#",-!�8�$7�E\K���=8Z[v�( "$%,1�= 6���M9A9_9A9A9_9A9E9_9A9_9A9A9_9A9_9A9 \
] �N�#"$%�V�$7*%$7 P�g!=�_^F$a` ��#"�48C b[v�( "$%,1�= 6!#"��!�[ 6���ElP8C 6��D�#6�G 6�42Bc`$%H=�4*%$7��!3!I2u9_9A9A9_9A9_9A9 d
e ���������gf ��� 6!�#(���)!�#� 6���hf�*7!�SM��#"$%8>D-��$7,1�C^+�= U��9A9_9A9_9A9A9_9A9E9_9A9_9A9A9_9A9_9A9 i
\ �N�#"$%�V�$7*%$7 P�g!=�j "���A�������4�jf ��� "!�#k[v�( "$%,1�= 6�����)!�#� 6���hf�*7!�SM��#"$%8>D-��$7,1�l^+�G U� 9_9A9 V-m
d ;M!�,-L��#"$7�"!�8�!=�_[v�( "$%,1�= 6!#"��!�[ 6���ElP8C 6��D�#6�G 6�42Bc`$%H=�4*%$7��!3!I2��)!�#� "��� W �onp^+�= 6��9A9 V-e

$



� � � � T ��� S�� � L �P�
�����i$%8C 6��D�#6�G 6�42u*%$7H��*%$%�>!I!32'$%�g�80$%,-Ln!#( U�=8w ��3&��8C 6$7 P�x$780,-!32��4*���!�,-L��#"$7�"!�8	� $7 -$7�g "��� H���
�4!,1LW!�8���8w h!�� 6�>�����������a����� "!�#_�)!�#_��y>�,-L�*%�]J�
E��(�a�8�2�m�=�  "�4#(� V i>iHd�Q�9];M!�8��($%2���#a2��= 6���nR��
*%$7H��*%$%�>!I!32h�)&�8��� 6$7!�8��cJ�������Qj�)#(!�,<�A,1!32��4*I�)!�#��o$%8�2��zyI�42.VC�-�EL��#"�,1�� 6��#��3RI$78oST��$%�U�1Vn! "���g�=8�2�_,1���-Vn�mB��4�� 6!�#�X B=�*7&��42:R>�8�2��_L�#"$7!�#Z2>$%�( "#"$7V�&> 6$7!�8��NJ��Q�9v�����5$%8C 6��D�#6�= "�42�*7$%H=�4*%$7��!3!I2g!���g$%�c 6�>�48
2���k�8��42r�� �cJ��>Q������NJ �!� ��Q"�cJ���Q$#%�'&
�����_$%8C 6��D�#6�= "�42i*%$7H�4*7$%��!3!32�8�!�#(,.�*7$%p��4�� 6�>�_L�#(!I2>&��� 5!�� "���h*7$%H=�4*%$7��!3!I2��=8�2K "���_L>#"$%!#�$%8 �)!�#",-$%8�D
 6�>�aLn!�( 6��#"$7!�#F2���8��"$O P���NJ��(� �>Q�9Cf &>#( 6�>�4#",-!�#(�R`��F�.�)&�8��� "$%!�8r!�)�KL�#($%!�#m 6!�2��= U����!�*%*7�4�� "$%!�8 R(�NJ ��Q
$%�� "���EL�#"$7!�#�L�#(�42�$7�� 6$OB��+2���8��"$O P��9

[�B�=*%&��= "$%8�D5 6���T$%8C "�4D�#"�= 6��2-*7$%H=�4*%$7��!3!I2A���8-L�#(�4�"��8C M�+2�$+*-�4&�*O v�4!�,-L�&> 6�= 6$7!�8��*3L�#(!�V�*%��,K9 W ��S�X
 6!8.�8>2,�m�=�  6��#(�KJ V i i>\wQ��(��!�SM��2� 6���= ��NJ ��Q��4�8.VW�5�zyIL�#"���"�"��2 ��Z�81�zyILn���� U�G 6$%!81ST$7 "�1#(�4�(Ln���� M "!
 6�>�hLW!��( "�4#"$7!�#m2�$%�/ 6#"$7V�&> "$%!�8i!�� "���hL��=#6�,-�� "�4#4R  6�w&��5,1!= 6$7B=�= "$%8�D-�8r�4�( "$%,1�= 6�EV��=�"�42 !8 ��\K!8w "�
;��#(*%!g�6�,-L�*7� �)#"!�,  6���ELW!��( "�4#"$7!�#49��Z� ���������.- �5 "���4!�#(�4,iR

V�NJ ��Q � � �NJ��/� �>Q�NJ������Q #%�0��1�2 V�NJ������Q433333 �!576 J V Q

�"&>D�D��4�/ 6$78�D- "���= � "���E$%8C 6��D�#6�= "�42 *%$7H��*%$%�>!I!328�NJ ��QZ�4�8iVn�A�L�L>#"!�yI$%,1�= 6��2iVC�� "���E���#(,1!�8>$%�F,-���89�/:<;+J��>Q��>= V? @AB+C � V�NJ������ B Q.D4E � 6 J ] Q

V���(�42�!�8F? 2�#6��ST�0� � 6G�IHJ6.&J&J&.6K� @ �)#"!�,  6���oLW!��/ 6�4#($%!�# 2�$%�/ 6#"$7V�&> "$%!�8��cJ��(� ��Qz9E����$%�+�"�,1L>*%�h,-$%D�w 
�4!,1�o!�&I _!=��� �( 6�8�2��#(2^\K�#"H=!
B �U���$%8 \K!�8C 6�1;��#(*%! $%,-L�*7�4,-�48C U�= "$%!�8 Rn�)!�#+�zy��=,1L�*7�9o����!&�D��9�/:<;+J��>QZ$%�T�4!8��"$7�( 6��8C �=�T "���E�"$7,a&�*?�G 6$%!8��"$7p4�L?<$%8���#"���=�"�4��R $7 6��L>#"�4��$%�($%!�8 $%��8>! TD�&��#"�8C 6���42:9

�����m�"$%,-L�*7$%�4$O P�h!=�n "���5���#",-!�8�$7��,1�4�8-�4�( "$%,1�= 6!#TJ ] Q�$7�N$O 6�v,1�$%8g�=2>B=�8C U�D��T!�B���#Z!= 6����#Z,-!�#"�
�"LW�4��$?�*7$%p��42h "�4�U��8�$M�w&��4�5J��=9 D>9c;M��$%V V i iHdIRN�m�=�  "�4#(� V i iPO>RHc`��ST$7�v�8�2��m�=�  6��#(� V i iNQIR ^F$ ;M$%���4$7! �� v�* 9
V i iRQ�Q�9[l  �&>�"�4��!�8�*7� ST$7 6�>$%8IX ,1!32��4*Ln!��/ 6��#"$%!#j�"�,1L>*%�4�j�8�2_*%$7H�4*7$%��!3!32+��B=�*%&��= 6$7!�8��`ST��$%�U�a�#"�N!�  6��8
��B=�$%*%�V�*%�a�8C�3SM���d��_L��#( A!�ZLn!�( 6��#"$7!�#E�6�,-L�*%$78�D�9 n ,.�TS(!�#+2�#6��STV��=�UH�!=�M 6�>�1���=#",-!�8�$%�h,1�4�8
�4�/ 6$7,.�= "!�#�$7��$7 6�M�4!�,-L�&> 6�= 6$7!�8��*n$%8��/ U�V�$7*%$O P��9����>�A���( "$%,1�= 6!�#M$%����!�8��"$7�( "�48C V>&> T,.���.����B��A$%8>k�8>$7 6�
B=�#"$%�8����.J),1�4��"&>#"�42KVC�i�N�=#VU'W �NJ������Q"X E � � �(YGQT���#"!��(�5�($%,a&�*%�= 6$7!�8���R���B�48]$78K�($%,-L�*%�+,-!I2>�4*%��9Nef�>�48
 6�>$%�v$%�� "���m����(�Rw!�8��T�4!8��"�V�3&>�48����F$%�� "���= vST����81 6�>�m��&�,a&�*%�= 6$OB������( 6$7,.�G 6��!�W 6���T���=#",-!�8�$%�M,1�4�8
�4�/ 6$7,.�= "� J ] QAV��=�"�42x!�8d 6���.k�#"�( Z? 2�#6��ST�a�)#"!,  "����LW!��( "�4#($%!�#_$%�hL>*%! ( 6�42^�DC�$78��( �?.R� 6���.L�*%! 
����h!I������($%!�8��=*NB�4#(�d*?�=#"D��[S(&�,1L>�4Rv�8>2'*%!3!�Hw�_&�8>�( U�=V�*%�=9]lP8^ 6��$7�a�#/ 6$7�4*%�gSZ��L�#"���"��8w -�],-�� "��!32
 6!.�( U�=V�$%*7$%p4�+ "���a���#(,1!8�$%�A,1�4�8r���( "$%,1�= 6!�#�9med�a2���B���*%!�L D���8��4#"�*[�4!�8�2>$7 6$7!�8��5&�8�2���# ST��$%�U�K 6��$7�
,-�� 6�>!I2�SZ!�#"Hw�5�8�2 SM�E2���,1!�8>�( 6#"�= 6�+ "���E,1�� 6��!32 $%8 �"��B��4#"�*b��y>�,-L�*%���49

V



� � ����� L��JL��jL � R �
	$� ��� T� �P� LJ� � ��� � �*
�� L� �l�_� T

n 80!�B��4#(*7�x�($%,-L�*%��V�&I .����*%L>�)&>*���y>�,-L�*%�� 6!�$%*7*%&��/ 6#"�= 6��!�&>#-L>#"!�LW!��"��2t,-�� "��!I2u$%�o "���K,-!32��4*�$78
ST��$7�U� �L� J�� 6��MQZ#(�4�4!#"2��� 6�>�F,1�4�8 �8�2 L�#(�4��$%�"$7!�8�!�j�a�"$78�D�*7�F8�!�#(,.�*7*7�g2�$7�( "#"$%V>&> 6��2�2��= U�aLW!�$78w �W9�n �4!�8 S(&>DC�= 6�EL�#($%!�#M$%�����<�E�,1,1��J��
� ] 6��
� ] QzRw�8�2

J�� � �MQ�� W !�#(,.�=* J����J6�� �!��Q
ST����#"�"��6�� �J6��8�2#���i�#(� �w�3LW�4#(L��#6�=,1�� 6�4#(�^J)�9 D�9ORF�M��#"8��#(2�!0�8�2 � ,-$7 6� R V i>i>\�RmL��D�� ] O%$^!#
n L>Ln��8�2�$Oydl/Qz9j�����.$%8C 6��D�#6�= "�42d*%$%H=�4*7$%��!3!I2 �cJ��>QE$7�_#(���2�$7*7� 2��� 6��#",-$%8���2d 6!KVn�- 6���1!�#"2>$%8��= "�1!=�T�
XE2���8��"$O P��R �  
J �!� ���.6&�'�(��J��'�*) V Q 6!��Q+$%8d 6����8>! U�= "$%!�8�!�m�M��#"8��=#"2�! �8>2 � ,-$7 6�@J V i>i>\�R�L��D�� V�]>]
!�#�n L�LW�48�2>$Oytl/Q�9Zed�4#(�rSZ�] 6!'�L>L�#"!�yI$%,1�= 6� �NJ��>Qo&��"$78�D^�.�w&��G 6$%!8 J ] QzR�$%8��/ 6���=2s!�+ U�Hw$78�D  6�>�
�8��=*7�w 6$7���*7*7�u2��� "�4#(,1$78��42sB=�*%&>�R5SZ� �4!�&>*%2 ,1�4��"&�#(�] 6��� �/ U�V�$7*%$O P�t!�A 6�>�����( "$%,1�= 6!�#1ST$7 6�f 6�>�
B=�#"$%�8����_�N�# U W��NJ �!� ��Q X E � � �/YC9+����$%�5B�=#"$?�=8��4�=R $%8] "&�#"8 R:$%�52��� "�4#",-$%8>�42 VC�K "���o�"���4!�8>2�8>!�8��4��8C 6#6�=*
,-!�,1��8C b[ U W �NJ �!� ��Q"X E H � �(YEST��$7�U�K$7��L�#"!Ln!�#/ 6$7!�8��*W 6!� �+��,.- H ��yIL 2 � ] W7J ��/0�bQ H /1�'�GJ��2/3�'��Q H /4�!X 5 #5� #5� 6
�8�2 ST��$7�U� $%�E$78>k�8�$O 6�g$%8  6�>$%�E��y>�,-L�*%�g!�ST$%8>Di "!i "���12>$7B���#"D���8��4�-!�Z 6���-$%8C 6��D�#6�=*v$%86�u�)!#A�4��U�
�m9������h#(�4��$%L�#(!I�4�*`!�� "���A*%$%D�w /X  6�$%*7�42�8�!#",1�*`2��48>�"$7 P� �)!�#(,1�� "!I!g*?�=#"D��A�8K$%8C 6��D�#6�8>2i "!-�3$%��*%2K�
k�8�$O 6�+LW!��( "�4#($%!�#�B=�#($?�8����R��=8�2K�>�48����A "���E���#",-!�8�$7�F,-���8 �4�/ 6$7,.�= "!�#�$7��&�8��( 6�V�*7�9

n 8K�*7 "�4#(8��= 6$OB��+���( 6$7,.�G 6!�#�R>�"&>L�Ln!#( 6��2r�V�3&��*%*O��VC�� 6�>�AV���"$7�A�V�w&��= 6$7!�8dJ V QzR�$%�
9�87 : ;EJ��>Q�� = V? @AB+C � V�NJ �!� � B

Q D4E � 6 J e Q

ST��$7�U�.SM�5���*7*W�_�( 6�V�$7*%$%p��42g���#(,1!8�$%�T,-���8:9�lP8 J e QzR9�
B
$%�c 6�>�5,-���81�4!�,-LW!�8��48C M!� � B � J��

B 6�� B
Q�R

�8�2- 6�w&��Z$%�Z�A2�#"��Ss�)#"!�,  "���5,1�#(D�$%8��=*�Ln!�( 6��#"$7!�#c2�$%�/ 6#"$7V�&> "$%!�8Z�NJ�� � �>Q�9j����� �/ U�V�$7*%$7p4�42g���=#",-!�8�$%�
,-���8d$%�E�)!�#",-�42�8�! A�)#"!�, �/ U�8�2��#"2d*%$%H=�4*7$%��!3!I2]B=�*7&��4��R�V�&I a#6�G 6����#A�)#(!�, ,.�=#"D�$78��*v*%$7H��*%$%�>!I!32��
!�V> 6�$%8>�42�Vw� $78C 6�4D#6�= "$%8�D !�&> E "���1L>#"�4��$%�($%!�8 L��#"�,-�� 6��#:�591l  _$7�E�( 6#"�$%D�w (�)!�#(SM�#(2� "!K�(��!�S  6���G 
 6�>$%��,1�#"D�$78��*n*%$%H=�4*7$%��!3!I21����� 6�>�E�)!#", !=��� XM!#"2�$78��= 6�=R�cJ���� �bQ � �  <;R�!� � 6
J��=) V Q&�$W>�?)�� �GJ��?/0���UQ H X�6!�?) V5@ &
����� $%8C "&�$7 "$%!�8d,1! "$7B=�= "$%8�D^J e Q_$7�a 6���G o�"$78��4�,�NJ �!� �bQA����g� ������B3$%��#a U�$7*Z 6���8 �NJ������Q�Rv��B���#6�D�4�
!��#(�4��$%L�#(!I�4�*c!�#"2�$78��= "�4�AVn���4!�,-�.��B�4#6�=D��4�a!=��*%���"�_B=�#($?�V>*%�Z�w&��8C 6$O 6$7�4�E 6���8 $%8tJ ] Qz9r\i����(&�#"$78�D
�( 6�V�$7*%$7 P�.��m�VW!�B��R�SZ�A!�V��"��#(B�A "���= 

[ ; W �NJ���� �bQ X E H 333 � @BA � U V ) W7J �C/3�bQ"H
)4�'�
J��D/0�'�zQ H XE�F��Y ,.- HHG �U V )�� �GJ��2/3���UQ HI�F��Y , G � #5� J�\CQ

]



$%��k�8�$7 "�FST���48 � � V �8�2D�'� � m 9v����$7�m#(�4�(&�*7 T$7��L�#"!�B���2r$78 n5L�LW�48�2�$ y l"lU9
f�$%D&�#"� V ��!�,1L��#"���M 6���E���=#",-!�8�$%�5,1�4�8 9�/:<;+J��>QN 6!o 6�>�+�( U�=V�$%*7$%p4��2����#(,1!8�$%�5,1�4�8 9�87 :<;EJ ��Q

�)!�#MB=�#($%!�&>�ML��#"�,-�� 6��#M�(�� " "$%8�D��!�` 6��$7���"$7,1L>*%�m8�!�#",1�*W��y>�,-L�*%�=9 f�!�#M�4��U� ����(�R�VW! 6�����( "$%,1�= 6���
&��(�+�h�4!,1,-!�8-�6�,-L�*%�m!�!? � d 6 m m m $78�2���Ln��8�2��48C T�=8�2�$%2>�48C 6$7���*7*7�o2�$7�( "#"$%V>&> 6��2�Ln!�( 6��#"$7!�#Z2>#6��ST�
�)!�#v 6�>�5,-���8 �r�=8�2.L�#(�4��$%�"$7!�8 �59 � ��!�ST8.�)!�#c����U�.�6�,-L�*%��$7�N "���TB�=*%&��T!� Vn! "�.���( 6$7,.�G 6!�#(�v&��"$78�D
��B�4#E*?�=#"D���#+�,-!�&�8C 6�F!=�N "���g�6�,-L�*7�9 f�$%D�&>#"� V �(��!�ST�A��*%�4�#"*O�r��!�S  6���o$78>k�8�$O 6�hB=�#($?�8>�4�a!�N 6�>�
���#(,1!8�$%��,-���81�4�/ 6$%,1�= "!�#v,.�=8�$7�)���( 6�c$O 6�"��*7� $%8-L�#6��� 6$7�4�9_[vB�4#/�.�(!h!�  "�481�_L��#"�,-�� 6��#vB�=*%&���ST$7 "�
�KB�4#(� �",1�*%*c*7$%H��*%$7��!I!32 $%�_D��48���#6�= "�42'�)#"!,  "����LW!��( "�4#($%!�#�R��8�2^ "��$%�A�3$%�4*72��a�iB��4#/�^*%�#"D��-B=�*%&��
!�+ "���]#"���4$7L�#"!3���*m!�+ "���]*%$7H��*%$%�>!I!32:RcST��$%�U�s$78t 6&�#(8sD�#"�4�= 6*O�x#"��2�&��4��� 9�/:<;EJ ��Qz9 � &�V>�"�.�w&���8C 6*7�R9�/:<;+J��>Qh$%8���#"���=�"�4�gD�#"�2�&��=*%*7�Rv&�8C 6$7*T�8�! "���4#aB�4#(�u�(,.�*7*M*7$%H��*%$7��!I!32 $7�o�48���!�&�8C 6��#"��2:9tlP,-L�#"!�B�42
LW�4#(�)!#",1�8��4�E!�� 6���A�( 6�V�$%*7$%p��42 ���#(,1!�8>$%�E,1�4�8i$%�m��B3$%2���8C $78Zf�$7D�&�#(� V 9������ X X V���(�42r���( "$%,1�= 6!�#9�87 : ;EJ��>Q_�4!8wB�4#(D��4�g,a&��U�x,-!�#"�.#6�L�$72�*7�  "���8^ 6�>���( U�=8�2��#(2u���( "$%,1�= 6!�#�Rv�8�2x2�!3�4�h8�! g��yI��$7V�$7 
 6�>���6�,-��L��= ( 6��#"8'!�m!3�4���=�"$%!8��*M,1��(�"$7B���U���8>D��4��9 �[! �)&>#( 6�>�4#hB=�*7$%2��= "�1 "��$%�a!V��"��#(B=�= 6$7!�8:R�SZ�
#"���4!�,-L�&> "�42'VW! 6��k�8��*N�4�/ 6$7,.�= "!�#"�A!�8 VJm m $%8>2��4LW�48�2>�48C oLW!��( "�4#"$7!�#A�6�,-L�*%���h!���"$%p��,?>� d m m>m
J?fj$%D�&�#(� ] Qz9��T�4*%�= 6$OB��F�/ U�V>$%*%$O P�.!=�j "��� 9�87 :<;AJ ��QZ$7���4*7���#(*7��$78�2�$7���= "�42:9

������,a&>*7 6$OB=�#"$%�= 6�a8>!�#",1�*v,-!I2���*c$%�_�K2�$7#"�4�� h�zy3 6�48>�"$%!8^!�� "���1&>8�$7B=�#($?�= "�-8>!�#",1�*v��y>�,-L�*7�
2�$7�"�4&>�"�"��2 �VW!
B�9������_�( 6�8�2��#(2r���( 6$7,.�G 6!�#�R�!�V> U�=$%8���2K&��($%8�D1�.�w&��= "$%!�8 J ] Q�R $%�m�1���#",-!�8�$7�+,1�4�8
!�Z,a&�*O 6$7B=�#($?�= "�h8�!#",1�*�2���8��"$O 6$%���49-����$%�E�4�8dVW�-����($%*7�r�"��!�ST8� 6!iVn�-�8�&�8��/ U�V�*7�g�4�( "$%,1�= 6!#F!�
 6�>��L�#"$7!�#hL>#"�42>$%�� "$7B�.2���8��"$O P��9 lP8C 6�4D#6�= "$%8�Dr "����L�#(�4��$%�"$7!�8^L��=#6�,-�� "�4#h*7���2>�h 6! �K������B3$%��#a U�$7*%�42
,a&�*O 6$OB�=#"$?�G 6�oXc2���8��"$O P��R>ST�>$%�U���4�8�VW� &��(�42. "!a!�V> 6�$%81�h�( 6�V�*7�5���( 6$7,.�G 6!�#N�8��=*%!�D�!&��N "!h�V�3&��= 6$7!�8
J e Q�9

�����g�( 6�V�$%*7$%p��42 ���#(,1!8�$%�a,-���=8]S���+k�#(�( A#"��Ln!#( 6��2 $%8����( U�G 6$%�/ 6$7���*jD��48��� 6$7�4�E�L�L>*%$%�4�= 6$7!�8]$78
ST��$7�U�d8w&�,-�4#($%���=*��( 6�V�$7*%$7 P�K!�Z��X(/5V���"��2 ���#(,1!8�$%�a,-���=8]S���E!�V>�"�4#/B���2fJ � �G U�D�!L��8:R��Z�=8�2��4*7* R
W ��S� 6!�8 R`�8�2��F�(Vn!�#(8 V i iPOCQ�9�� e L�#(�4�"��8C 6�E�.2��� U�$7*%��2r�( "&�2>�r!�v 6��$7�5�4��"�=9	n *O 6��!�&>D��K "���aD���8��� /X
$%�4�*[,1!32��4*[&��(�42 VC�K "���4�(�g�&> 6�>!�#"�F$7� #"�= 6����#F�"LW�4��$?�*7$%p��42:R  6���h,1�� 6��!32r 6!.!�V> U�=$%8 �.,-!�#(�h�( 6�V�*7�
�4�/ 6$7,.�= "�E$%� �w&�$7 "�_D���8��4#"�* �M�L�L�#(!�y>$7,.�G 6�[�NJ��>Q�VC�i�1���#(,1!8�$%�+,-���8K!��B=�*7&��4� �)W��!���bJ�� B

Q"XbST���4#(�� � 6K�IHJ6J&.&J&.6G� @ �)!�#(, �g�6�,-L�*%�F�)#(!�,  "���_LW!��/ 6�4#($%!�#�2>$%�( "#"$7V�&> 6$7!�8,�NJ��(� �>Q�9c�����E�)&�8��� 6$7!�8	�bJ���Q�,a&��/ 
#"��2�&����  "����L��=#6�,-�� "�4#a�(L���4� �=�a,a&��U�u��oLW!��"�($%V�*7�R�ST�>$%*%�.8�! o,1�Hw$%8�Di 6�����4�*%��&�*?�G 6$%!8 !�T 6�>�
,1�#"D�$78��*c*%$7H��*%$%�>!I!32 ��W ���
�bJ��Q"XZ 6!3!]2�$M*-��&�*7 49�lP8^ "������y>�,-L�*7�4�hSZ��SM!#"H !&> �R��bJ��Q_$%�a!=�5*7!�SM��#
2�$7,1��8��"$7!�8] 6���=8 �3R[ P�3L�$7���*7*7�K!�V> U�=$%8���2dVC� $%8C "�4D�#"�= 6$78�D�!�&> E!�8>�1!�#+�(��B�4#6�=*Z!�N 6�>�-��!�,-Ln!�8>�48C 6��9
�j�Hw$%8�D��bJ��Qm 6!�VW�o�4!8��( 6�8C E$%�F�=8��zy3 6#"��,1�o�4��"�� �)W ���
�bJ���Q"X[ 6�>�48 Vn���4!�,-�4�5 6���o$78w "�4D�#"�= 6��2 *%$7H��X
*%$7��!3!I2	�NJ ��Qz9�� �+��!�&�#"�(�R�$O�  "��$%�oSZ�4#"�K�4!�,-L�&> 6�V�*7�  "���4#(�KSZ!�&�*72tVW�i8>! 8����42t "!d�4�*%��&�*?�= "�i�8
�L�L>#"!�yI$%,1�= 6$7!�8:Rw�8�2.$%8��=8w�-�4��"�=RI 6�>� ���#(,1!8�$%�T,-���81�4�( "$%,1�= 6!#cSZ!�&�*72�����B�� p4�4#(!hB=�#"$%�8����9��[!
�)!�#(, ���#(,1!8�$%�F,-���=8����)#"!�, #"�42>&��4��2]2�$%�/ 6#($%V�&> "$%!�8>��$%�T�oD���8��4#"�*:B=�#"$%�8��4�+#(�42�&>�� 6$7!�8  6�4�U�>8�$ �w&��=9

e



-1.8

-1.6

-1.4

-1.2

-1.0

-0.8

alpha=2
y=0

mu0=0

0 1000 2000 3000 4000 5000

alpha=6
y=0

mu0=0

0 1000 2000 3000 4000 5000

alpha=10
y=0

mu0=0

0 1000 2000 3000 4000 5000

Simulations

 

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5
alpha=2

y=3
mu0=0

alpha=6
y=3

mu0=0

alpha=10
y=3

mu0=0

 

lo
g 

ha
rm

on
ic

 m
ea

n

-7

-6

-5

-4

-3

alpha=2
y=5

mu0=0

0 1000 2000 3000 4000 5000

alpha=6
y=5

mu0=0

0 1000 2000 3000 4000 5000

alpha=10
y=5

mu0=0

0 1000 2000 3000 4000 5000

 

 

f�$7D�&�#"� V ��c`!�DC�=#"$7 "��,Y!=��8�!�#(,.�*�J�VW!�*%2A*%$78���Q:�8>2 X XPV���"��2 J�2�!= " 6��2h*7$%8���Q`���#",-!�8�$7�v,1�4�8_���( "$%,1�= 6���
�4!,1L��=#"�42xST$7 "�' 6���  6#(&���B�=*%&���J)2���"�>�42t*7$%8���Q�RvST����80 6�>�K2��G U��� �)!�*7*%!�S ��&�8>$7B=�#"$%�= 6�.8�!�#",1�*
2�$7�( 6#($%V�&I 6$%!8f�� 2�$%�(�4&��(�"�42 $%8 � V 9 �����  6!L #(!�S !�A 6��� k�D�&>#"� 2�$%�(L�*?���3�� 6��� ���=#",-!�8�$%�r,1�4�8
�4�/ 6$7,.�= "�4�mST���48F� � d.�8�2 �'� � m 9 �����o�(�4�4!8�2 #"!�S �4!�#(#"���"LW!�8�2��F "!,��� m �=8�2 ��� � dI9 �����
VW! " "!�, #(!�SYD�$OB����M 6���Fk�D�&�#"�����)!�# ��� m �8�22����� m 9v���>� e �4!�*7&�,18>���4!�*7&�,-8��M��!�#"#(�4�"LW!�8�2� "! �
B=�*%&>�4��!� ] R4Og�8�2 V-m 9v�����+B=�*7&��+!�
� �5$7� V 9

\



Normal

t

True

alpha = 2
y = 0

mu0 = 0

-1.40 -1.35 -1.30 -1.25

alpha = 6
y = 0

mu0 = 0

-1.40 -1.35 -1.30 -1.25

alpha = 10
y = 0

mu0 = 0

-1.40 -1.35 -1.30 -1.25

log harmonic mean

Normal

t

True

alpha = 2
y = 3

mu0 = 0

-8 -7 -6 -5 -4 -3

alpha = 6
y = 3

mu0 = 0

-8 -7 -6 -5 -4 -3

alpha = 10
y = 3

mu0 = 0

-8 -7 -6 -5 -4 -3

 

Normal

t

True

alpha = 2
y = 5

mu0 = 0

-10 -8 -6 -4

alpha = 6
y = 5

mu0 = 0

-10 -8 -6 -4

alpha = 10
y = 5

mu0 = 0

-10 -8 -6 -4

 

f�$7D�&�#"� ] �_�M!�yIL�*%!= 6�+ 6!K��"�(�4�(�h 6���gB=�#"$%�V�$7*%$7 P�i!�Z 6���-�4�/ 6$7,.�= "�42�$%8C 6��D�#6�G 6�42d*%$7H�4*7$%��!3!32:9 � ��!�ST8
�#(�- "���1 "#"&��-$%8C 6��D�#6�G 6�42d*%$7H�4*7$%��!3!32:Rb�8�2� 6���18�!�#",1�*c�8>2d (X V���(�42^���=#",-!�8�$%�o,-���=8 �4�/ 6$7,.�= "!�#"�
!�8  6���A*%!DC�#"$O 6��,-$%�m�"�4�*%�=9M�����A�4�/ 6$7,.�= "�4�m�#(�A!V> U�$78��42 �)#"!, V-m m \K!�8C 6�h;��#(*%!g�6�,-L�*7�4�T!���($%p��
d m m>m 9v�����4�(�_���( "$%,1�= 6���T�#"�E�"�>!
ST8i�)!�#�B=�#"$7!�&�����!�8>k�D&�#6�= "$%!�8>�m!=��L��=#6�,-�� "�4#"�T�=�m$78 f�$%D�&>#"� V 9

d



�  "!�� �&!6% ����� ���%���
	.|��G��3�������%| � �������� ��� � � ������|�

�N�# 2 V�)W��!���bJ���Q X 33333 � 5�� �N�=# 2 V��W ����� X 33333 � 5 &
��� ����|��"!���#�$�%���U|�	&�}'��|(� �*)+�,� �P|�- ��� ����|��%| � ���.�%�W�.����3|��%��� �*)+�,� �P|0/1� ��|�2� ��|h��43����5�.�%�W������3|"�%�
� �*)+�,� �P|"�%� ���%-
�[!r��B�!$%2�,1�4��"&�#(��X  6����!�#"�� 6$%�g��!�8��"$72��4#"�= 6$7!�8���R[SZ�1L>#"!�B��1�����4!�#(�4, V !�8�*O� &�8�2���#A "���1�2�2�$O 6$%!8��*
�4!8�2�$7 "$%!�80 6���= �[J���Q1$7���^2�$7,1��8��"$7!�8IX #"�42>&��4$78�D  6#"�8��/�)!�#",1�= 6$7!�8:� $�9 �=9 � � J���676jQzR �bJ���Q � �ZR
�8�2rVn! "� �u�8�286x#6�=8�D��E�)#"�4��*7�i�"!1 6���= 5 6���_L�#"$7!�#m2��48��($7 P� �NJ��Q � �cJ ��Q �NJ$6 � ��Q�$%�mSM��*%*OX 2���k�8��42:9
� ���hn5L�LW�48�2�$ y l"l(lN�)!#T�gL>#"!3!��9vlP8 �4�4#/ U�$78 ��$%��#6�#(�U��$%�4�*:,-!I2���*%��RIST����#"�_�8��*O�3 "$%�4�* $78w "�4D�#"�= 6$7!�8�$7�
LW!��"�($%V�*7�M!�8a!8���!�#� PSZ!+*%��B���*%�4R$7 �,1���AVn��LW!��(�"$%V>*%�Z "!F$%2>�48C 6$O� �_&>�"���)&>*�#"��2�&��� "$%!�8>� �bJ���Qb 6! �����$%*7$7 U�G 6�
�( 6�V�*7�+���#",-!�8�$7�F,-���8i���*7�4&�*%�= 6$7!�8���9

�E��*7���8>2Y�8>2 ^F��� J V i i>\CQ�8>! 6��2 �8 ��y3 6��8��"$7!�8 !�_ 6���dV���($%� $%2���8C 6$7 P� J V Q.ST��$%�U� S(&��( "$7k����
�4�/ 6$7,.�= "$%8�D1 6���o$78w "�4D�#"�= 6��2 *%$%H=�4*7$%��!3!I2KVC�] 6���o���#",-!�8�$7�a,1�4�8 !���NJ������ B Q"�cJ�� B

Q&�:9�J�� B
Q5ST�>�4#"�=R��=�

VW���)!�#(�Rn "���Z� B - �+�=#"�a�"�,1L>*%�42i�)#"!�,  6�>�hLW!��( "�4#"$7!�#4RnV�&> +8>!
S �NJ���QT$%�5 "���aL�#($%!�#m2���8��"$O P� �8�2;9�J��Q
$%�h�8C�sJ)8�!�#(,.�*7$%p��42 QF2���8��"$O P� !�8d 6����L��#6�,-�� "�4#_�"L�����9 �����.$%2��4�r$%�E 6!]�U�>!I!��(�<90�4�#"���)&�*%*O�d�(!
��A 6!r,-$%8>$%,-$%p4�o\K!�8C 6��;��#"*7!r�4#(#"!�#�9�e �1�"��!�S $%8 � \K "���= h!�&�#AL�#"!�LW!��(�42^�/ U�V�$7*%$7p��= "$%!�8 �4�8^VW�
�4!,aV�$%8>�42dST$O 6�� 6��$7�A "�4�U��8�$M�w&��1�)!�#A$%,-L�#(!
B�42dLn��#(�)!�#(,.�8>�4�9�lP8>2��4��2^ 6����#"�.$7�_�(!�,-�1�/�I8>�4#"D=� $78
 6�>$%�v�4!,aV�$%8��= 6$7!�8aVW�4���=&��"�� 6�>�mL>#"!�LW!��"��2g�( U�=V�$%*7$%p��G 6$%!8h#"��2�&����4�c 6���T2�$7,1��8��"$7!�8a!� �IR� "�3&>�N,1�Hw$%8>D
$7 T�($%,-L�*%��#M 6!g$72��48C 6$O� ���o&��(���)&�*=9r�)&�8��� 6$%!8:9

> � ���h� L 
�� LJ� � �@? �C�$�g� LJ� 

c`$%8��4�#�,-!I2>�4*%���#"�E&��(�42 �)#"�.�w&���8C 6*7��$%8 �w&��8C 6$O U�= "$7B�+D��48��� 6$7�4�� 6!g#"��*?�= "� B=�#"$%�= 6$7!�8�$78K�a,-���=�"&�#(�42
 6#"�$7 J�L�����8�! P�3LW��Qa 6! B=�#"$%�= 6$7!�8^$%8'&>8�2��4#(*7�3$%8>D�D�48����.� `n�4�� 6$78�D] 6���� "#6�$O iJ�D���8�! P�3LW��Q k^F!3�4#(D��R
A �48>D�RN�8�2'e ��$%# J V i iNQQ�R��)!�#o�zy��=,1L�*7�Rv$7�g�]&��"���)&�*�#"��BI$7��S �)#"!�, � �( U�G 6$%�/ 6$7�4�aLW�4#(�"LW�4�� "$7B�9^ed�
#"���4!�8>�"$%2>�4#� 6���EL��=#( 6$7�4&�*%�#�,-!I2>�4*�CB � � ) DA

E
C
�
� E0F BHG E )JIKB 6 L � V 6�MNMNMV6�� 6 J dQ

&��(�42fVC� � �G U�D�!L��8 |�O�%�4- J V i iRO�Qg 6! $%8>�)��#- "���]D���8��� "$%�]�4�&��"����!�+B=�#($?�= "$%!�8u$%8t "���r "$%,-��X  "!=X
P !�SZ�4#"$78�D�L����48>! P�3Ln�i$%8' 6�>�iL>*?�8C g�"LW�4��$%���'Q����G�U��R���S�T�UT�w��9'lP8YJ dQ�Rc 6���<LE$%8�2>$%���G 6�4�o2>$ `n�4#"��8C 
L�*%�8C 6��$78f�^�6�,-L�*%�K!�A�"$7p4� � � V-m dIR� "��� L�����8�! P�3Ln��� ��� J��CB Q.�#(�r 6��� *7!�DC�#($7 "��,1�-!�E 6�>�
 6$7,1���Z "! P !�SM��#"$%8>D�R��8>2� 6���+2����4!�,-LW!��"$O 6$%!8.!�8� "���F#"$7D��C (X ���8�2IX �"$72�� �U���=#6��� 6�4#($%p��4�� 6�>�F��yILW�4�� "�42
L�����8�! P�3LW�A��!�8�2�$O 6$7!�8��*W!�8� 6���+D�48�! P�3LW� F B � J F BHG E QZ�= m�a�"�� T!�WV+2�$a` ��#"�48C TD���8��� "$%�+*7!I��$ 9_Ym�4#(�XI�BO



$%�+,-!32��4*7�42 ��A��,1�4�8 p4��#"! 8�!�#(,.�*7*7�i2�$7�( 6#($%V�&I 6�42 2�$7�( "&�#"V��=8��4�oST$7 "� B�=#"$?�=8��4� � HA$%8>2��4LW�48�2>�48C 
!�cD���8��� "$%�h���=�� 6!#"�4R �^$%�m 6���h,.�#(D�$%8��*`��yILW�4�� "�42�L�����8�! P�3Ln�g�=8�26� E $%�m 6���hD��48��� 6$7�h� `n�4�� +!�c 6�>�
�  6� �w&��8C "$7 U�G 6$7B�  6#"�$7 M*%!3�4&��+J��F�kc[Q�9/f�#"!,  "���+L��#/ 6$7�4&�*%�#M�zy>LW�4#($%,-�48C U�=* 2����"$%D8:R����=�U�iD�48�! P�3LW�
F B G E  6�H���5!�8>�A!=�j PSZ!1LW!��(�"$%V>*%�FB=�*%&>�4�4R���!I2>�42K��[U9/ V 6 V YwR>ST$7 "� �.�w&��*`,1�#"D$%8��*nL�#"!V��V�$7*%$7 P�9

�����-,1!32��4*�J d�Q5SZ!�&�*72dVW�o#6�G 6����#A�/ U�8>2��#"2���yI���4L> A 6���G + 6���gD���8�! P�3Ln��� F � J F B Q+�#(�o&�8�!�V3X
�"��#(B�42 w$%8A����� 4RG�)!#j�4��U�(L  6�����h#(�4L�#(�4�"��8C � 6���cB=�*%&>�4�[!� �5#"�8�2�!, L�#"!3�4���"��2���k�8���2a!�B��4#j 6���cST��!�*7�
D���8�!�,-�.�8>2 ��B=�*7&��= "�42d�= OV.2>$%�( "$%8��� ALn!��($7 "$%!�8���� � J�� � 6.&J&J&.6�� D

Q�R[ 6���
V.L�&> 6�= 6$OB����+�kc`��9������
8w&�,aVW�4#5!�	�F�kc`�4R�VCRW$%�m&�8�Hw8�!�ST8:R ��F�=#"�E 6����$%#mLn!��($7 "$%!�8��
� �8�2i 6����$%#m� `n�4�� 6� �	� J�� � 6.&J&J& 6!� D

Q�9
lP8�2�$7#"���� m$%8>�)!#",1�= 6$7!�8��VW!�&> � "�����F�kc D��48>! P�3Ln���5��!�,1���� 6��#(!�&�D��iD���8�! P�3Ln�E2��G U��� � J� B)Q�!�VIX
 U�=$%8���2:R�$%8� "��$%���zy>�,1L>*%�RI�)#"!�, �gL��8��4* !� VJm ,-!�*7�4�4&>*?�#Z,.�#(H��#"��$%8� "���+�U��#"!,1!��(!�,1�* #(�4D�$7!�8�!�
$%8C "�4#"���( 49_�����o�/ U�= "$%�/ 6$%�4�*�L>#"!�V�*7�4, $%�  "!�$%8>�)��#5 "���o&�8�Hw8�!�ST8�L��#6�=,1�� 6�4#(�[��� J�� 6!�)6�� 6 � HUQT�)#"!�,
,1�#"H=�4#m�8�2 L�����8�! P�3LW�_2��G U�KJ���6K�>Q�R>�8�2i�4!�8��($%2���#"$78�Dg,1$7�"�"$78�DoD���8�! P�3Ln��� F 9

� �= 6�D�!�L��=8�|� �%�4-�J V i iROCQ L�#(�4�(�48C 6��2o�T�������4�($?�8A�"!*%&> "$%!�8+$78EST�>$%�U�h\r�#"H=!�B+�U���$78a\K!8w "�Z;��#"*7!
J \r;�\];�QmSM��F&��(�42] 6!.�6�,-L�*%�E 6�>�hLW!��( "�4#"$7!�#m2�$%�/ 6#"$7V�&> "$%!�8i!�N�*7*: 6���a&>8�Hw8�!�ST8��+�4!�8>2�$7 "$%!�8��=*`!�8
V�RN "��� 8w&�,aVW�4#o!���F�kcb��RM�(�4L��#"�= 6��*7�d�)!�#g� #6�8�D�i!=�5B=�*7&��4�o!� V�9^�[!d$78>�)�4#&V�Rv 6��� $78w "�4D�#"�= 6��2
*%$7H��*%$%�>!I!32 �cJ���� ��6#V
QASM��g�L�L>#"!�yI$%,1�= 6��2^�)!�#a���=�U� V�BI$%�]� ���#(,1!�8>$%�.,-���=8:RN�8�2' 6��$7�a�48��V�*%��2
���=*%�4&>*?�= "$%!�8�!=��������4�5���=�� 6!#"�

� f�JRV � 6#V H Q�� �cJ���� ��6#V � Q � �NJ �!� ��6#V H Q & J�O�Q
ed�_#(�4�4!8��"$72��4#m 6��$7�m�4�*%��&�*?�G 6$%!8i$78i�)&>#( 6�>�4#m2��� 6�$%*�9+J W ! 6�E 6���= 5SZ�h�4�8r��!�8�2�$O 6$7!�8 !�8r,1�#"H=�4#m$%8IX
�)!�#(,.�= "$%!�8�� VW�4�4�&��"�T$O 6��,1�#"D$%8��*32�$7�( 6#($%V�&I 6$%!87�NJ��iQ�$7��8�! c2>�4LW�48�2���8C M!�8-�8C�h!�n "����&�8�Hw8�!�ST8
L��#"�,-�� 6��#"��9 Q

�����oL�#($%!�#m�)!�# �1���=�� 6!#"$%p��4�5$%8C 6!���&>8�$7�)!�#(, L�#"$7!�#5!�B�4#+!�#(2��4#(�42 *%!3�4$���� J�� � 6.&J&J&.6�� D
QmST$O 6��$78

 6�>�A�U�>#"!�,-!��"!,.�* #"�4D$%!�8�&�8>2��4#m�4!�8>�"$%2>�4#6�G 6$%!8 �8�2K�g��!�8 S(&�D��= 6�EL�#($%!�#M�)!#���R �F� J � E Q�R �8>2 � H���NJ�� � � H Q � W !�#(,.�*�J����J6 � H � �'�zQ 6�NJ�� E � � H Q � W !�#(,.�*�J�� ��G E 6 � H � �'��G E Q 6 � � V 6*MNMNM 6#V�NJ � H Q � lP8wB�4#(�"�o�E�,-,.�IJ�� � ] 6�� � ] Q 6
ST����#"� ��� � dIR��'� � V R � ��G E ��dIR�� ��G E � V R �)!#F����U� � �8�2�� � $I9 fj$OyI$%8�D- 6���o8w&�,hVn��#F!�N*%!3�4$
V�R !�8>�a�4!�,-L�*7�� 6�A�"�4�8 !�v "���g\];�\]; �6�=,1L�*7�4#m&�LW2��= 6���F���=�U����*%��,1��8w !�)�.�=8�2 �*%*` "���a,-$%�"�($%8�D
D���8�! P�3Ln���Z$78 F 9 � ��� � �G U�D�!L��8r|�W�%�4-TJ V i iROCQb�)!�#��)&�#( "���4#c2��� U�$7*%��!8g "���T�4!�,-LW!�8��48C c&�LW2��= "�4��9�n
 6!= U�*�!� e �U���$78��4R3�4!#"#"���"LW!�8�2�$78�D_ "!OV � V 6 ] 6��9� # e R�SM��#"�F!V> U�$78��42 9�f�!�#N�Ek>yI��2�VoJ � V R ] R3!�# e Q�R
SZ�h#"��Ln!#( m#"���"&�*O 6�mVn��*%!�S V��=�"�42r!�8r�g�U���$78r!��*%��8�D 6� \ m m>m��*V-m>m ��!�,1L>*%�� "�E�"���=8��4RW�"&�V>�6�,-L�*%��2

Q



��B�4#/� V-m m �"�4�8��4R�ST$O 6�� 6���+k�#(�( V-m m �"��B��42r�( U�G 6�4�T#(�4,-!
B�42K��TV�&�#(8IXP$78:9v����$%����!�#"#(�4�(Ln!�8>2��m "!-�8
� `n�4�� 6$OB�� $78�2���Ln��8�2��48C ��"�,-L�*%�T�"$7p4�5!�b�VW!�&> e i m>m �)!�#N�4�/ 6$%,1�= "$%8�D+ 6�>�5D���8��� "$%�5� `n�4�� ML��#"�,1�� 6��#"�49

q58�Hw8�!�ST8��oJ�� B 6 F B
Qm�#(�E�6�,-L�*%��2K�)#(!�,  6�>�4$%#mLW!��( "�4#"$7!�#T2�$%�/ 6#($%V�&> "$%!�8 ��!�8�2�$O 6$%!8��*:!�8K!�V��(�4#(B�42

L�����8�! P�3LW�4�8�WRN,.�#(H��#-D�48�! P�3LW�4� � �8�2x 6�>�K,-!I2>�4*�2�$7,1��8��"$7!�8xL��#"�,1�� 6��#
V�9ulP8CB�!�Hw$%8>Dd 6�>�
�( 6�8�2��=#"2i���#",-!�8�$7�F,-���8i�#(D�&�,-�48C �R ���$78dJ ] QzR>SM�_�L�L>#"!�yI$%,1�= 6� �NJ �!� ��6#V
QZVC�9�/:<;+J���� ��6#V
Q � = V? @AB+C � V�NJ �!� ��6G� B 6 F B 6#V
Q.D$E � & J QQ
n �m$%8  6�>�_�($%,-L�*%�+8�!#",1�*:��y>�,-L�*7�_!��� ] RW�gL�#"!�V>*%�4, �#"$7�"�4�TST$7 "�^J�Q�Q�Vn�����&>�"�_SZ�a�=#"�A��B��4#"�D�$78�D
#"���4$7L�#"!3���*7�h!�T8>!�#",1�*c!�#"2>$%8��= "�4��9 �j! �/ U�V�$7*%$7p4�g 6�������( "$%,1�= 6!�#�RjSZ��$%8C 6��D�#6�G 6�.!&> h "���.B=�#"$%�8����
L��#"�,-�� 6��# � H�� 9�87 : ;EJ���� ��6#V
Q � = V? @AB+C � V�cJ���� ��6 �bJ�� B Q 6 F B 6#V
QJD<E � 6 J $�Q
ST����#"� �[J�QM#"�� 6&�#(8�� �=*%* ��!�,-Ln!�8>�48C 6�T!� �a��yI�4��L> 5 "���+B=�#"$%�8��4�EL��=#6�,-�� "�4#49vlP8dJ�$CQ�R�NJ �!� ��6 �bJ�� B

Q 6 F B 60VGQM$7�T�-�(���*7�42 X�2>�48��($7 P��R �  � J �!� � ) ��� F 6��/6��3Qz9
f�$%D&�#"� e �"��!�ST�+ 6�>�a�4&�,h&�*?�= "$7B�a���������F����� "!�# ���( "$%,1�= 6���F!�V> 6�$%8���2r�)#"!,  "��#"���a�U���$78��4RvJRV��

V 6 ] 6j�=8�2 e QzR�V��=�"�42 !�8 $78w "�4D�#"�= 6��2 *7$%H��*%$7��!I!32 �4�/ 6$7,.�= "�4�A$%8��4$O 6����#�J�Q�QA�=8�2fJ $�Q�9)[�B3$%2���8w "*7�  6�>�
�( 6�V�$7*%$%p4�= 6$7!�8-�����SZ!�#"H=�42i$%8� 6�>$%��,-!�#"� �4!�,-L�*%$7���= "�421��y>�,-L�*%��> 6����#"�E�#(� �)��SZ�4#T,1��"�($7B�+�U���8�D����
$%8K 6���a���( "$%,1�= 6�=9 W &�,-�4#($%�4�*%*O��R SM�o!�VI U�$78 ?��1J V 6 ] Q � m & e O%$.&>�"$%8>D�J Q�QzR:�8�2F?��.J V 6 ] Q � m & e i d
&��($%8�D  6���i�( 6�V�$7*%$%p��42x�4�/ 6$7,.�= "!�# J�$CQ�90�����K���( "$%,1�= 6���-!=�[?��1J ] 6 e Qa�#"� #"�= 6����#1,-!�#(��2�$%�(L��#6�G 6��
V-e 9 V dA�8�2 �8�2 \�9 e i>RI#(�4�(Ln���� 6$OB���*7��9clP8��=8w�1���=�"� SZ� SZ!�&�*%2.�4!�8���*%&�2>�  6���G M 6�>�5 PSZ!o*%!3�4&��Z,1!32��4* $7�
,-!��( T*7$%H��*7�8� U������|��#� �G�#� 9

f�$%D&�#"� \+$78�2�$7���= "�4�� "���m\K!�8C 6�5;��#(*%!+�"�,1L>*%$%8>D5B=�#"$%�V�$7*%$7 P�F!�n "���� PSZ!A���( "$%,1�= 6!�#(�49j�����T�VW!
B�
�4!,1L�&I U�= "$%!�8��5SM��#"�-2�!�8��g!�8 Q d�#"��Ln�4�= 6��2d#(&�8���9-�[!i#"�42>&��4�g 6���o��!�,-L�&> U�G 6$%!8��*�V>&�#"2���8 !�N 6�>�
�"$7,a&�*%�= 6$7!�8:RbSM��&>�"�42u�KB=�*7&��.!=� ? S(&��( a���*7��!�� 6���.���#(*%$%��#AB=�*7&��9K�������($%2��zXPVC�CXP�"$72���VW!�y>L>*%! "�
�)&�#/ 6����#m��!�8>k�#(,  6�>�A�(&��4���4�(� !�[ 6���E�/ U�V�$7*%$7p��= "$%!�8�$78� 6���EL�#(�4�"��8C �zy��=,1L�*7�9

e � 8�! 6�5 6���= M! 6�>�4#M2>$%,-�48��($%!�8IX #"��2�&��4$78�D_ "#6�8>�(�)!�#(,.�= "$%!�8>� �bJKM QN��!�&�*%2.Vn�5&��"��2i$78. 6�>$%�M�zy>�,gX
L�*7�9hf�!�#F��y>�,-L�*7�RnSZ�g�4!�&>*%2]�(&�, !�&>  6���aD�48�! P�3LW�oB�=*%&���� F �8�2  6�w&��E��B���#6�D�o#"�4��$%L�#(!I�4�*%�5!�
k�8�$O 6�F,-$Oy3 "&�#"���M!�[8�!�#(,.�=*%� J�!�#oX - �UQz9vl  �,1���.�*7�"!aVW�FLW!��"�($%V�*7�  6!a$78C 6�4D#6�= "�  6��� D��48��� 6$7�F� `n�4�� 6� �Z9
W ��$7 "���4#T!�[ 6�����"�E����TVW�4��8]�= ( 6�4,-L> "�42 ���4#(�9

� 	 �g����
 	 L �$�  L � �

nt8��= 6&�#"�*%*O�F!3�4��&�#"#($%8�D5��$%��#6�#(�U��$%�4�*w,1!32��4*w���=��!�V��(�4#/B�=V�*%�Z�4!�&�8C "� ��� J �CB?Q�RCL � V 6J&J&J& 6�� RC�=#"$%�($%8�D
�����!�8�2�$O 6$%!8��*%*O�'$%8>2��4LW�48�2>�48C iV�$%8�!,1$%�*T#6�8�2>!�, B=�#($?�V�*7�4�-ST$7 6�s8w&�,hVn��#"��!�E 6#($?�*7� J�� B)Q��=8�2

$



-8

-6

-4

-2

0

2

4

0 1000 2000 3000 4000

Simulations

lo
g 

B
ay

es
 fa

ct
or

 e
st

im
at

e

-3

-2

-1

0

1

0 1000 2000 3000 4000

Simulations

lo
g 

B
ay

es
 fa

ct
or

 e
st

im
at

e

f�$7D�&�#"� e �����������Z����� 6!�#(�v�)!�#� 6��� P !�SZ�4#"$78�DE 6$%,-��2��= 6�A2>$%�"��&��"�(�42�$78 � ] 9������m�4!,1L��=#"$%�(!�8gVn�� PSM���48
!�8��o*7!I��&��+�8>2  PSZ!i*%!3�4$�,-!32��4*7� $%�+�(��!�ST8d!8] 6���o 6!L:9h�����oVW! ( 6!�, k�D�&�#(�o�4!�#(#"�4�(Ln!8�2��+ 6!� 6�>�
�4!,1L��=#"$%�(!�8^VW�� PSZ�4��80 6�>�� PSM!d�8�2' 6�>#"�4��*7!I��$M,-!I2>�4*%��9 ����� Vn!�*72^*%$78���$7�h 6�����/ U�8>2��#"2u������4�
����� 6!�#����( 6$7,.�G 6�9v���>�A2>! " "�42i*%$%8>�F$%�� 6�>�lX X V���(�42i�4�( "$%,1�= 6�=9

i



Normal

t

-2 0 2

log Bayes Factor Estimate

Normal

t

-2 0 2 4 6

log Bayes Factor Estimate

f�$7D�&�#"�	\>��n �"�(�4�(�"$%8>D1 6�>�AB=�#($?�V�$7*%$O P�g!�j "���A���������5����� 6!�#����( 6$7,.�G 6�4���)!�#� "��� P !�SM��#"$78�D- "$%,-�F2��= 6�
&��($%8�D Q d #(�4LW���= "�42f�U���$78��49 ;M!�,-L��#($%�"!8@Vn�� PSM���48  6��� !�8>� �8�2s PSZ!u*7!I��$5,-!32��4*7���#(� �"��!�ST8
!�8  6���g 6!L:R��=8�2d��!�,-L��#"$7�"!�8 VW�� PSZ�4��8^ PSM!r�8�2  6��#(�4�-*%!3�4$v,-!I2���*%�E�#(�g�"��!�ST8^VW�4*7!
SE9-lP8 �4��U�
k�D�&>#"�RwB=�#"$%�V�$7*%$7 P�_�,-!�8�DE (X V���(�42.���( "$%,1�= 6���N$7�c�"��!�ST8�$78- "���m "!�L��=8�21 "���= Z�,-!�8�D+ 6���5�( 6�8�2��#(2
�4�/ 6$7,.�= "�4��$7���"��!�ST8r$78� 6���EVW! " "!�,K9

V-m



�"&>�4�4���"�+L�#(!�V��V>$%*%$O 6$7�4� � � J � B Q�9mlP8K "&�#"8:RW 6�����"��J � B Q5�#(�_,-!I2>�4*%��2]��m�4!8�2�$7 "$%!�8��*%*O��$%8>2��4LW�48�2>�48C 
VW�� U�.B=�#($?�V>*%�4�TST$7 "�]���=8�!�8�$7���*j�w�3LW�4#(L��#6�=,1�� 6�4#(� �i�8�2��E�6����R`&�LW!�8rST�>$%�U� �"!�,-�_�)&>#( 6�>�4#FL�#($%!�#
2�$7�( 6#($%V�&I 6$%!8��NJ��46���Q�$%�vL�*%��4��2:9��[!_!V> U�$78o 6���TL�#(!�V��V�$7*%$O P�h!� �h$78- "��$%�v,-!I2>�4* R=SM�m,a&��/ Z$78C 6�4D#6�= "�
!�&> FVn! "�uJ � B Q �8�2] "���o�C�3Ln��#"L��#"�,-�� 6��#"� �K�8�2���9_l  F$%�F#(!�&> 6$78��_ "!��6�,-L�*7�h 6���_�)&�*%*[L��#"�,1�� 6��#
�"�� �� � J � 6��46���QA�)#(!�, $O 6�aLW!��/ 6�4#($%!�#h2�$%�/ 6#"$7V�&> "$%!�8fJ��E��*%,1�8:Rc;��=#"*%$78:R �  "�4#(8:RM�=8�2 �m&�V>$%8 V i iPOCQ�9
f�!�#��zy��=,1L�*7�R5�8 \];�\]; �($%,a&>*?�= "$%!�80,1$7D��C �&�LW2��= 6� �4��U� � B+�)#"!�, $7 "� �M�� 6�'�)&>*%*OX �4!�8>2�$7 "$%!�8��=*
2�$7�( 6#($%V�&I 6$%!8:R��8>2  "���48K#"���"!�#/ �R�LW�4#"���L��4R� "!-�-#"�8�2�!�,oX SM�*7H1L�#(!�LW!��6�*n 6!-&�Ln2��= 6� ���=8�2���9

�����mV���"$7�����#(,1!�8>$%��,-���8g��!�,aV�$78��4�c#"���4$7L�#"!3���*7��!�nV�$%8>!�,1$%�*3*%$%H=�4*7$%��!3!I2>�j�)#"!,  6�>�mLW!��/ 6�4#($%!�#
�6�=,1L�*7�R`�=8�2:R:$O  6&>#"8��+!�&I �R`���=8 Vn�Z�w&�$O 6�a&�8>�( U�=V�*%�=9 n5�+Vn���)!�#"�=R`�( U�=V�$%*7$7 P� $%� 2��� "�4#",-$%8>�42 VC�] 6�>�
�"���4!�8>2r8�!�8>�4�48C "#6�*`,-!�,-�48C 1 ;(W �NJ �!� ��Q"X E H � � @ A � ��� B�� � �	� E � E�
� J V / � Q� E � E � � G 
� # ��� �NJ��46���Q$# � #��T&
q58>*%�4�(��SM�� 6�H�T�=8o��y3 6#(�4,-��L�#"$7!�# �NJ��46���Q[ST��$%�U�g��8��"&�#(�4�	� � ,.�Gy:J �CB)Qj�8�2�� � ,1�Gy J�� B�/���B)Q�R= 6��$7�
$%8C "�4D�#"�*v���8d2�$7B�4#(D��91�����.#(�4�"&>*7 6$78�D L�#"$7!�#E$%�E&�8�#(���*7$%�/ 6$%�4�*%*O�iLn�4�H��2:R�ST��$7�U� $%�E&�8>�6�= "$%�(���=�� 6!#(��R
#"&>*%$%8>D.!�&>  6���o�/ U�8�2��#"2uJ)&�8��( 6�V�$7*%$%p��42 QT���#(,1!�8>$%�A,1�4�8 �4�/ 6$%,1�= "!�# �=�E�.L�#6�=�� 6$7���*[ 6!3!�*b�)!�#  6�>�
VW�� U�
XPV�$78�!�,-$?�*W,1!32���* 9

l  A$%�+�( "#6�$7D��C "�)!�#/S��=#"2  6! �( 6�V�$7*%$%p��h 6�>�-���#",-!�8�$7�a,1�4�8 VC� #"��2�&��4$78�D  6���g2�$7,1��8��"$7!�8 !� �i�=�
$%8 L�#(��B3$%!&��E��y>�,-L�*%���49 �+8>�-LW!��(�"$%V>$%*%$O P�r$7�F 6!  U�H=� �bJ���Q[� J��46���Q j$ 9 �9o 6! $%8C "�4D�#"�= 6�g!�&> _�*7*� 6�>�
V�$78�!�,-$?�*��(&��4���4�(��L�#"!�V��V�$%*7$7 "$%�4��9@lP8t "��$%�-�4!�8 S(&�DC�= "�r�( "#"&��� 6&�#(�R�SZ�]����B�� ���4*7!��"��2t�)!�#", �Z�� U�
X
V�$78�!�,-$?�*W��yIL�#(�4�"�($%!�8i�)!�# � U ���
�bJ��Q YwRI8��,-�4*7�� U ���
�bJ��Q Y ��� B � J�� B ) V Q

� J�� B8/ �CB9) V Q � J �CB ) V Q � J�� )���Q� J�� )�� )�� B)Q � J�� ) �CB Q

� J��IQ � J�� )��TB / �CB)Q

� J���Q
& J?i�Q

���������=#",-!�8�$%�N,-���8o!�� "���4�(��Vn�� U�GX V�$%8>!�,1$%�*CL�#(!�V��V�$7*%$O 6$%���4R
���=*%�4&>*?�= "�42h�)#(!�,  "���EJ��/6���Q - �v�"�,-L�*%��2
�)#"!,  6����$%#+LW!��( "�4#($%!�#�R[$7�+�4!�8>�"$%�/ 6��8w A�)!�#+ 6�>�-$78C 6�4D#6�= "�42�*%$%H=�4*7$%��!3!I2 9_ed�-,1��� ��yILW�4�� h 6�>$%�F 6!iVW�
,-!�#"�o�/ U�V�*7�o�"$78��4�o 6�>�-VW�� 6�GXPV>$%8�!�,-$?�=*[2>$%�( "#"$7V�&> 6$7!�8 $%�+,-!�#(�o2�$ `n&��"�a "���8  6���gV�$78�!�,-$?�*�R �=8�2d�(!
 6�>�+#"�4��$%L�#(!I�4�*%�Z!�b 6��� L�#"!�V��V�$%*7$7 "$%�4�N,1���18�! �Vn�+�=����y3 6#(�4,-�9v�����E�( 6�V�$7*%$7 P�g!=�[ "��$%�M�4�( "$%,1�= 6!#Z$7�
2��� 6�4#(,1$78��42 VC�� 6�>�A�(�4��!�8�2r8>!�8��4��8C 6#6�=*`,1!�,-�48C 4R>ST��$%�U�i�6�G 6$%�/k��4�1 ;4W��NJ �!� �46���Q"X E H � � @ � �KJ�� )���)4��������/ V Q�)�NJ��46���Q # �,#��T6
ST����#"� ������� � ,.�Gy*� B 9 �  U�V>$%*%$O P�-$%���48>�"&�#(�42rST����8KL>#"$%!#�,1!�,-�48C "��!� �.�8�2��5��yI$7�( �9

^+�= U�+!�8g�)#"����X  6��#(!
StLn��#"���48C U�D�4�c�)#"!�,  "��� W �= "$%!�8��*����=�"H�� 6V��=*%*/n �(�"!3�4$%�= 6$7!�8KJ W � n+Q�L�#"!�B3$%2>�
�8 $78w "�4#(�4�( "$%8�D�2>�4,-!�8��( "#6�= "$%!�8 !=�N "���o���#(,1!8�$%�_,1�4�8 ���*7�4&�*%�= 6$7!�8���9��+8�\K�#"�U�Fi>R V i>i i>Rn "���4#(�
SZ�4#"��\ V \i��� 6$7B� W �on L�*?������#"�A!�MST�>!�, e Q \i���2d�= " "�4,-L> 6��2 �G _*7����/ A!�8��g�)#"�4�g 6�>#"!�S<VC�  6���G 

V V



LW!�$%8C m$%8  6���A�"�4��"!8:91n ,-!�8�Dg 6�����"� e Q \-L�*?������#"��R  "���h8w&�,hVn��#"�m!�v�= ( 6��,1L> "�aJ�� B QT#"�8�D���2K�)#"!, V
 6! ] m dIRnST$O 6� ��,-���=8]!�Z�VW!�&> e dI9Fe �h,1!32��4* �CB�R  6�>�a8w&�,aVW�4#+!�c,1�2��h�)#(�4�h "��#"!�ST�+VC�]L>*?������#
L"RI 6!aVW�E�M$%8>!�,1$%�*�ST$7 "�?� B: "#"$%�*%�M�8�2�&�8�Hw8�!�ST8i�"&����4���"�mL�#"!�V��V�$%*7$7 P� � B 9v�����E��B���#6�D��F�)#(�4�  "��#"!�S
LW�4#"���48C U�=D��Z�CBE� � B�$%�F�=Vn!�&I 0Q m � $%8i 6���h2��= U��#(�4LW!�#( "�42 �G ����������
	�����������@J��8�2 ��B=�$7*?�V�*7�+�)#"!�,
 6�>�_�=&> 6��!#"�UQz9

e �g��!�8��"$72��4#+ "���gL�#"!�V>*%�4, !�Z��B=�*%&��= 6$78�D� 6���o$78C 6�4D#6�= "�42�*%$%H=�4*7$%��!3!I2 �NJ��>Q5&�8>2��4#+ 6�>�-�>$%�4#"�#/X
�U��$7���*[Vn�� U���wV�$%8�!,1$%�*:,-!I2���*bD�$7B�48 �VW!�B��=9 ����$7�5SZ!�&�*%2rVn�_&��"���)&�*jST����8 �4!�,-L��#($%8�Dg 6�>$%� ,-!32��4*
ST$7 "��! 6�>�4#��C�3Ln!= 6�����"$%p��42i,1!32���*%�Z�)!#Z 6�>�4�"�E2��G U�>9�ed�+L�*%��4�F$78�2���Ln��8�2��48C T�/ U�8�2��#"2 ��yILW!�8���8w "$?�*
L�#($%!�#(�o!�8 �?/ I1�=8�2 ��/ IgST�>�4#"��I�� V $7�1� *7!
SZ�4#g 6#(&�8��4�= 6$7!�8xLn!�$78C g!�  "��� L�#"$7!�#490\];�\];
SM��h&��(�42^ "!r�"$7,a&�*%�= 6�a "���.LW!��( "�4#($%!�#�9������1�)!�*7*%!�ST$%8>Di8w&�,-�4#($%�4�*c#"�4�(&�*7 "�h�=#"�.V���"��2^!�8^�i�"$78�D�*%�
�U���$78 !��*%�48>D 6�'d m m m>m � d m �4!�,-L�*%�� 6�-�"�4�8��4R��"&�V��"�,-L�*%��2 ��B�4#/�Md m �"�4�8��4R��8�2dST$O 6�� 6���gk�#"�/ 
V-m m �"��B�42@�/ U�= "�4�g#"��,1!�B�42@�=�-V>&�#"8IX $%8:9 � $%D�8�$Ok����=8w o "#"��8�2��gSM��#"�i8�! g2��� 6�4�� 6��2@$%8' 6�>�i!&> 6L�&I 
�8�2' "$%,-��XP�(�4#($%�4�_2�$?�=D�8�!��/ 6$%���h$78�2�$%�4�= 6��2^ 6���G o*%$O " 6*7�12>�4LW�48�2���8��4�i#"��,.�=$%8���2^$%8^ "�����6��B���20�/ U�= "�4��9
;M!�,-L�&> 6�= 6$7!�8���SM��#"�a2>!�8��A�"�4L��#6�= "�4*O�K!8]�g�"�4��!�8�2 #(&�8]�8>2KSZ�h�6��S 8�!.�L�L�#(�4��$?�V�*7�_2>$ `n�4#"��8��4���
J�2��= U�o8�! m�(��!�ST8 Q�9

W �= "&�#6�=*m*7!�DC�#($7 "��,1�_!�  "���iL�#"!32�&��� .V�$78�!�,-$?�*Z*%$7H�4*7$%��!3!32'�8�2x 6���iL�#(!I2�&>�� 1Vn�� U�GX V�$%8�!,1$%�*
*%$7H��*%$%�>!I!32 J?i�Q��#"�T,-!�8�$7 "!�#"��2o$%8Pf�$7D�&�#"��� d�E�8�2 d=V:9�f�#(!�,  "���4�(�mB=�*7&��4�vSZ�5!�VI U�$78a 6���m�( 6�8�2��#(2
���#(,1!8�$%�1,1�4�8'�4�/ 6$%,1�= "���8�2' "�����( 6�V�$7*%$%p��42^!8��9������ *%!�Dr�4�( "$%,1�= 6���o�#(�1XH$ ] m 9 $r�8�2 X i \ \�9 ]
#"���"LW�4�� 6$7B�4*O��A 6�����"�d�#"�F�w&�$O 6� 2�$a` ��#"�48C 49 ���>���/ U�8>2��#"2 �4�/ 6$7,.�= "� $%��Hw8�!�ST8  "!xVn� &�8��/ U�V>*%�9
lP8�2����42� 6���oB=�#"$%�8����o!�Z "���g�6�,-L�*7�42 *%!�D*%$%H=�4*7$%��!3!I2 B=�*%&>�4�+$%� V \ e 9 $�ST�>$%*%�_ 6���= A!�N 6�>�-�"�,-L�*%��2
*%!D-VW�� 6�GXPV>$%8�!�,-$?�=*WB=�*7&��4�T$%��!8�*7� \>9 m 9v�N�#($?�8>�4�E!�8  6���E*%!D-�(���*7�E2�!I���58>! T 6�4*7*  6�>�AST��!*%�+�( "!�#(�
VW�4���=&��"�TSM�5�#(�5��B�4#6�=D�$%8�DA!�8o 6�>� �8C "$OXP*7!�DF�(���*7� w$7 c$7�N!&> 6*7$%�4#(�TJ�����B3$78�DAB�4#/�g*%!�S@*7$%H��*%$7��!I!32 Q: 6���G 
�#(�AL��#( "$%�4&>*?�#(*7�-$%8 P &��48C 6$%�* RIV�&> m�( "$%*7*nB=�#"$%�8����+D�$7B�4�T�"!�,-�E$%8�2>$%���G 6$%!8:9

� &��(Ln���� 6$78�D  "���= j�"!�,-�M�=2�2�$7 "$%!�8��*�$%,-L�#(!
B�4,-�48C 6�[�4!&�*%2_Vn�Z,.�2>�R
SM�Z�4!�,aV>$%8���2_ 6�>�M�( 6�V�$7*%$%p4�GX
 6$7!�8. "�4�U��8�$M�w&��+ST$7 6�� "���+,-�� 6�>!I2�2>$%�"��&��"�(�42K�= � "���+�48�2 !� � ] R>&��($%8�Dg�g�E�&��(�"$?�=8 �L�L�#(!�yI$7,.�= "$%!�8
 6!� "���gLn!�( 6��#"$7!�# �NJ��/6��N� ��Qm��F 6�>�o2��48��($7 P� 9[9h�����g�4�/ 6$7,.�= "�aVW�4�4!,1���E� ���#",-!�8�$7�h,-���8 !�N 6�>�
B=�*%&>�4� �NJ �!� �46���Q"�NJ��/6���Q �:9�J��/6���QzRST$7 "�iJ��46���Q - �v�6�=,1L�*7�42a�)#(!�,  "���4$7#�LW!��( "�4#"$7!�#49�f�$%D&�#"� d=���"�>!
ST�c 6�>�
 6$7,1� �"�4#($%����!�j�2 S(&��/ 6�42i,1�#"D�$78��*W*%$7H�4*7$%��!3!32��49j�����+,.�=$%8 �2>B=�8C 6�D��+!�b 6�>$%���2 S(&��( ",1��8w m$7�M 6���G 
8�!�S  6���F$78 P &���8��4�+!=�j$78�2�$OBI$72�&��* �"�,1L>*%�FLW!�$%8C "�M$%�MD�#"�4�= 6*O�12>$%,-$%8�$7�"����2:9������+���( "$%,1�= 6��2�*%!�Da$78C 6��X
D�#"�= 6��2�*%$%H=�4*7$%��!3!I2g$7�NX i d ] 9 O>9_nYV>#"&> "�F�)!�#"��� D�#($%2IX V���"��2�8w&�,1��#"$7���*W$%8C 6��D�#6�G 6$%!8.!� �NJ �!� �46���Q"�NJ��/6���Q
DC��B��gX iHd V 9 \>9����w&��hSZ�.�"���. 6���= _ "���.$78�$7 "$?�*j�( 6�V�$%*7$%p4�= 6$7!�8 ,1�� 6��!32dSZ!�#(H�42^���=$%#"*O�rSZ�4*7*M�8>2dSM��
���=�"$%*O��$7,1L�#(!�B��42 9

V�]



0 10000 20000 30000 40000 50000

–8
20

–8
00

–7
80

–7
60

–7
40

scan

lo
g 

p(
y|

th
et

a)

0 10000 20000 30000 40000 50000

–9
55

–9
50

–9
45

–9
40

–9
35

scan

lo
g 

p[
y|

h(
th

et
a)

]

0 10000 20000 30000 40000 50000

–9
56

–9
54

–9
52

–9
50

–9
48

scan

ad
ju

st
ed

f�$7D�&�#"�Pd3�A���>�- "!�LdL��8��4*�Rb,1$72�2�*%�hL��8���*Z�=8�2dVW! ( 6!�, L��8���*N��!�,-L��#"�o "���g�( U�=8�2��#(2d���=#",-!�8�$%�
,-���8f�4�/ 6$7,.�= "!�#4RT,-!I2>$7k���2 ���( "$%,1�= 6!�#�Rm�8�2 �2 S(&��/ 6�42 �4�/ 6$7,.�= "!�#�V��=�"�42 !�8 �+�4*7���=8�2f�8�2 ^F���
J V i i>\wQzR�#"���"LW�4�� "$7B�4*7�R��)!�#� 6�>� W �on ��y>�,-L�*%�=9

V-e



� � �
	$� T�� �[� S�� � L �P�U
���� � L� � � �
	 � L 
_
��P��� ? �   � � ���$� �
� !�,-�� "$%,-�4��&>�"���)&>*`#"�42>&��� "$%!�8��m�#(�+���#(2i "!ak�8�2:R �8>2i "���+8��= "&�#6�*b�=L�L�#"!���U��SM�E����B��A�4!8��"$72��4#(�42
!�M$%8C 6��D�#6�= "$%8�D�!&> _�iL��=#6�,-�� "�4#+2�!3�4�A8�! ESZ!�#"H 9 n �($%,-L�*%�o�zy��=,1L�*7�o$%�+ST����8 �]���=�h�i�j!�$7�"�(!�8
2�$7�( 6#($%V�&I 6$%!8-ST$O 6�.,-���=8� �bR>�8�2�K$7�Z�zyILn!�8>�48C 6$%�*%*O�g2�$%�/ 6#"$7V�&> "�421ST$O 6�1,1�4�8 V �=8�2�$%8>2��4LW�48�2>�48C 
!��� �<UW�#� �G�#�$-^����� �( 6�8�2��#(2x���#",-!�8�$7��,-���8'���( 6$7,.�G 6!�#a!=� �NJ ��QE&��"���1�"�,-L�*%���Z� B � J�� B 6� B Q
�)#"!, �NJ��/� �>Q�R �8>2r��B���#6�D�4�5 "���A#"�4��$%L�#(!I�4�*%�T!���j!�$7�"�(!�8rL�#(!�V��V>$%*%$O 6$7�4�49 �  U�V�$7*%$O P��2���Ln��8�2�� !8K 6�>�
�"���4!�8>2r8�!�8>�4�48C "#6�*`,-!�,-�48C 

[ ; W��cJ�������Q X E H 333 � @ A � � V
J� �WQ 


��yIL U9/��J V / �WQ YT�cJ��WQ$#� # � &
W != 6�E 6���= T "���_$78�8���#m$78C 6�4D#6�*`2�$OB���#"D����m�)!�#m�8C� � � V R �"!g 6���= 5 "���A�( U�=8�2��#(2K���=#",-!�8�$%�+,-���=8K$7�
&�8��/ U�V>*%�9A�����g8��= "&�#6�=*�#"��2�&��� 6$%!8 SZ!�&�*72 Vn�a "!� U�H=� �bJ���Q � �b9A���w&��+ 6���o,1�#(D�$%8��=*[*7$%H=�4*%$7��!3!I2�)W��!���bJ���Q X(� �cJ���� �WQZ$%�T�gD��4!,1�� 6#"$7�F2�$7�( 6#($%V�&I 6$%!8 � 
 ��J V ) �nQ�� 
 G ��� 9 �  U�V>$%*%$O P�.�>�4#"�E��$78�D����m&>Ln!�8

[ ; W �NJ���� �WQ"X E H 333 � @ A ��� V ) �
� � 
 J V ) �WQ �NJ��WQ$# ��&

f�!�#M�(,.�=*%* �bR3 6��� 2�!�,-$%8��8C Z 6�4#(, !=�` 6���F$78C 6�4D#6�8�2.$%���cJ��WQ&� � 
 R��8�2��(!o�( 6�V�$%*7$7 P�g!�` "���F,-!I2>$7k���2���#(,1!8�$%��,-���=802���Ln��8�2��-!�8x 6��� L�#($%!�#�Rc "��!�&�D�u�)!�#g� �/ U�8�2��#"2@�A�,-,1�rL�#"$7!�#4Rv�)!�#o�zy>�,1L>*%�R
 6�>$%�T$%8C 6��D�#6�=*[�4�8r2>$7B���#"D��=9�lP8r! "���4#TSZ!�#"2���RnVW! "�KB=�#"$%�8����4�T$%8i�����4!#"�4, V �.�w&��*[$%8>k�8�$7 P�9M���w&��
$%8C "�4D�#"�= 6$78�Do!�&> � 2>!I���m8>! TL�#"!32�&����h�o�/ U�V�$7*%$7p4�42����#",-!�8�$7�F,1�4�8 �4�/ 6$%,1�= "!�#�$%8� "��$%���4��"�=9

n 8�!= 6����#4R��)&�#/ 6����#�#"�42>&��� "$%!�8�2�!3�4��SZ!�#(HWR��>!
SZ��B�4#�9�;M!�8��($%2���#� 6���+�4��"�+ST����#"���`R>*%$7H��[R�����T�
L�#($%!�#5��yILn!8��48C 6$%�*�2>$%�( "#"$7V�&> 6$7!�8KST$O 6� ,-���8 V 9 � &�L�LW!��"�a "���= �[J���Q � m $7� � � I4R:�8�2 �bJ��Q � �

$7��� � I4RmST�>�4#"�SI�$7���^�",1�*7*5L�#(�42��� 6��#",-$%8���2s�4!�8��/ U�8C 49 ������8 �)W ���
�bJ���Q�� m X�� I 
 G � ��J �=)V QKJ�VW�� " "�4#.�L�L�#(!�yI$7,.�= "$%!�8>�1�=#"�r#(���2>$%*7�'��B=�$7*?�V>*%� $7� 8��4���4�"�"�#(�>QzRF�8�2t$7 1$%�-����($%*7�x�(��!�ST8@ 6���G 1�UT��W ���
�bJ��Q"X E H � �(Y��! Y9����w&��4RnST$7 6�i 6��$7�5#(��k�8>�4,-�48C �RW 6���_,1!32�$7k��42i���#",-!�8�$7�E,1�4�8K���( "$%,1�= 6!�#
$%���/ U�V>*%�9

" # L 
 �bS 
_
 L �P�
lP8t "��$%�-�#/ 6$%��*%��SZ�r����B��r2��4�(�4#"$7Vn��2s��SM���x 6! �/ U�V>$%*%$7p4�� 6�>�K���=#",-!�8�$%� ,-���80�4�/ 6$%,1�= "!�#g!�F 6�>�
$%8C "�4D�#"�= 6��21*7$%H��*%$7��!I!32�J W ��S� 6!�8.�8�2��5�=�  "�4#/� V i i>\CQ�Vw�h U�Hw$%8>D_�=2>B=�8C U�D��T!� 2�$%,-�48>�"$%!8IXP#(�42�&���$%8�D
 6#"�8��/�)!�#",1�= 6$7!�8��N!�8� 6��� L��#6�=,1�� 6�4#M�"L�����9c�����+L�#(!�LW!��"��2 B=�#($?�8>�4� �/ U�V>$%*%$7p4$78�D_,-�� "��!32���y3 6��8�2��
�5B�4#(�_�"$7,1L>*%�c 6!3!�*w$%8C 6! � #6�8>D��M!�>ST$%2���*7�A&��"��2o��$%��#6�#(�U��$%�4�*w�( 6�= 6$7�( 6$7���*w,-!I2>�4*%��9�n5��$%*7*%&��/ 6#"�= 6��2_$78
� e �8�2 � \>RC2�$%,-�48��($%!�8h#"�42>&��� "$%!�8g$%�v�/ 6#"�$%D��C ��)!#(SM�#"2g$%8o���4#/ U�$78o��$%��#6�#(�U��$%�4�*�,-!I2���*%��9 � !,1�� 6$%,-�4�
 6�>�K8��G 6&�#"�*T�L�L�#(!C��U�u!�F$78C 6�4D#6�= "$%8�D !�&I .� 8w&�$%�"�8����KL��=#6�,-�� "�4#g2�!3�4�g8�! g�3$%��*%20� �/ U�V>$%*%$7p4��2

V \



�4�/ 6$7,.�= "!�#4R���!�SM��B��4#iRN�8�2x!�8���,h&��( o�(���#(�U�u���=#( 6�>�4#49�e �.����B�� D�$7B�48x!�8����zy>�,1L>*%�Rc�]�($%,-L�*%�
�j!$%�"�(!�8IX��A�,-,1��,-!I2>�4* R�$78 � ddST����#"�] "���]8��= "&�#6�=* �L>L�#"!C�=�U�s2�!I����8�! 1SM!�#(Ht2�$7#"���� 6*O��R�V�&I �
�"*7$%D��C �#(��k�8>�4,-�48C m!�b 6��� �bJKM QZ�)&�8��� "$%!�8�2>!I���T�3$7�4*%2 �o�/ U�V�$7*%$7p4�42.�4�( "$%,1�= 6!#49������+ "#"$%�UH1&��"��2i "���4#(�
 6!ok�8>2i "��$%��#(��k�8���2	� �)&�8��� "$%!�8�SM��TV���(�42i!�8� 6���+����� � 6���= � "���E�4�/ 6$%,1�= "!�#�$%���/ U�V>*%�+$7�j�8>2i!8�*7�
$7� 1�UT�)W����
�bJ��Q"X E H � �/Y��  Y9.ed�-ST#(! 6�- 6��$7�A�zyILn���� U�G 6$%!8^��_�8 $78C 6�4D#6�*�R[$72��48C "$7k���2d 6�>�1L��=#( A!�
 6�>�5#"�8�D��m!�`$78w "�4D�#"�= 6$7!�8g#"���"LW!�8��"$7V�*%�T�)!�#v 6�>� $%8C "�4D�#"�*�Vn��$%8�DA$%8Ik�8�$7 "�R3�8�21� `n�4�� 6$7B�4*O�1�4�#"#($%��21!�&I 
 6�>�o$%8C 6��D�#6�= "$%!�8r!
B�4#F "���= +�(,.�*7*jL��#( +!=�N "���o�"L���4�oB3$?���=8��*7�w "$%�a�=L�L�#"!�yI$%,1�= "$%!�8:RW 6�w&��+2���k�8�$78�D
�r8���S �^�)&>8��� "$%!�8:9Z^F$%,-�48��($%!�8�#"��2�&��� 6$%!8 �)!�#EB�=#"$?�=8��4�1�( U�=V�$%*7$%p��G 6$%!8�,1����8�! aVW���=8^� `n�4�� 6$7B�
,-�� 6�>!I2  6!i�4!�,-L�&> "�g8�!�#",1�*7$%p4$78�D���!�8��( 6�8C 6�A$%8��4��#( U�=$%8 B���#(�����#(2dL�#(!�V�*7�4,-�49-lP8d 6�>�-�4��"���_SZ�
����B����/ 6&�2>$%�42 R�SM������B���"��!�ST8^ "���= a$O a$7�_LW!��"�($%V�*7�1 "!]�( 6�V�$%*7$%p��- "�������#(,1!8�$%�-,1�4�8 ���( "$%,1�= 6!�#
�8�2i!�V> 6�$%8����( "$%,1�= 6���� 6���= 5�#(�+,a&��U�i,1!#"�E����4&�#"�= 6�=RWV>&> T�( "$%*%* ����/�� 6!-���*7�4&�*%�= 6�=9

�E��*7���8>20�=8�2 ^F��� J V i i>\wQh2���#"$OB��420�80�*7 "�4#(8��= 6$OB�� �L>L�#"!C�=�U�u "!����( "$%,1�= 6$78�D] 6��� $78w "�4D�#"�= 6��2
*%$7H��*%$%�>!I!32L�cJ��>Q�RC���2�$%�(�4&��(�"�42g 6!�SM�#"2>�� 6������8�2g!� � ] 9_Ym!�SM��B��4#�R3 "���4$7#��4�/ 6$7,.�= "!�#[���8gVW���"��8��"$O 6$7B�
 6!1 6���a�U�>!�$%���a!�v 6�>�h�)&�8��� 6$%!8 9�JKM Q�Rn�8�2 ���=8 �*%�(!.�"&G` ��#F�)#"!�, $%8>�( U�=V�$%*7$7 P���)!�#5 6���a�"�,-�h#"�4��"!8��
��+ 6�>�1�/ U�8�2��#"2����#(,1!�8>$%�o,-���8 �4�/ 6$7,.�= "!�#+2�!3�4��91lP8 � \ SM�-�"��!�SZ�42  "���= E 6�>�4$%#E�=L�L�#"!���U� �4�8
VW�h�4!,aV�$%8>�42KST$O 6�r "���h�/ U�V>$%*%$7p��= "$%!�8 ,-�� "��!I2KL�#"!Ln!��(�42]�>�4#"�_�)!�#5$7,1L>#"!�B���2]Ln��#(�)!�#(,.�=8��4�A!�v 6�>�
���#(,1!8�$%�F,-���=8i���( "$%,1�= 6!�#�9

n 8�!= 6����#M�L>L�*%$7���= "$%!�8a!=�  6�>�mL>#"!�LW!��"��2.�/ U�V�$7*%$7p��= "$%!�8o�=L�L�#"!���U�1$78��4*7&�2����N#(!�V�&��/ M*7$%8��4�#�,-!I2>�4*%�
J�n58�2�#(��ST�5�8�2r\r�*%*7!�ST� V iNQ \�R�;��#"*7$%8 �8>2Zc`!�&�$7� V i iRO�Q�9������A#"!V�&��( m*7$%8��4�#�,-!I2���*:����m�8 ��#"#"!#
 6��#", 2>$%�( "#"$7V�&> 6��2 ���� ��� �aRmST���4#(��� �8>2�� �#"� $%8>2��4LW�48�2>�48C 6*O�s2�$%�/ 6#($%V�&> "�42 �� W !�#",1�*PJ m R
L�#(�4�4$7�"$7!�8�� ��Qv�8>2�� H ST$7 6�
	o2��4D�#(�4���M!�W�)#"���42�!�,iRw#"���"LW�4�� "$7B�4*7�9v�����m�( U�=8�2��#(21���=#",-!�8�$%�M,1�4�8
�4�/ 6$7,.�= "!�#c���8�����B�F$%8Ik�8�$7 "�mB=�#($?�8>�4�9�nY�( 6�V�$7*%$%p��42-���#(,1!�8>$%�T,1�4�8����( 6$7,.�G 6!�#c���=8�Vn�5!�V> 6�$%8���2
VC��$%8C "�4D�#"�= 6$78�Do!�&> T 6�>�A2>�48�!�,-$%8��= 6!�#�� J�2��� U�$7*%��8>! m�"��!�ST8rV>&> 5��B=�$7*?�V>*%�5�)#(!�,  "���A�&> "��!�#"�6Q�9

Y5$7�4#6�=#"�U��$7���*T,-!I2���*%�oST��$7�U�@$%8CB�!*7B��K�( 6�8�2��#(2t2�$7�( "#"$%V>&> 6$7!�8��g,.���xVW�rD�!3!320�4�8�2�$72��= 6���-�)!#
 6�>�hL�#(�4�"��8C +�L�L>#"!C��U� 9jf�!�#T!�8>�A "��$%8�D>R \r;�\]; $%��SM��*%*[&�8�2���#"�/ 6!3!I2i�)!�#mST$O 6��$78IXP,-!32��4*:LW!��/ 6�4#($%!�#
�"$7,a&�*%�= 6$7!�8:9 f�&�#/ 6����#",-!�#"�=R: 6���g$78w "�4D�#"�= 6$7!�8��+#(�.�w&�$%#(�42 �)!�#+2�$7,1��8��"$7!�8 #"��2�&��� "$%!�8�,1���rVn�g�(!�*7B�42
�8��=*7�w 6$7���*7*7��9b����� �"$%,-L�*7$%�4$O P�h!=�: 6���5#"���"&�*O 6$%8>D_�/ U�V�$7*%$7p4�42-���#(,1!8�$%�T,-���81$%�c$7 "�Z,1�$%81�2>B=�8C 6�D��9

�����o#"��B���#"�"$7V�*%�zXMS(&�,-L \];�\r;+J �+#"�4��8 V i iHd�QT$%�F�1�"LW�4�4$%�*%$7p4��2 �*%D!�#"$O 6��, �)!�# ���������"$?�=8�,-!32��4*
�"��*%���� 6$7!�8:9 � �G U�D�!L��8��8>2 �Z�=8�2��4*7*vJ V i iROCQc&��"��2i "��$%�M,1�� 6��!32� 6!o���( 6$7,.�G 6�  "���F8w&�,aVW�4#�!���F�kc`�
JRV
QE$%8  "�����( 6�= 6$7�( "$%���=*ND�48��� 6$%���aL�#(!�V�*%��, !=� � e VC�'�L>L�#"!�yI$%,1�= 6$78�D  6����LW!��/ 6�4#($%!�#_,1!32���*ZL�#(!�V��GX
V�$7*%$7 "$%���Z&��($%8�Da "���+#"��B���#"�"$7V�*%�zXMS(&�,-Li\];�\]; �*%D!�#"$O 6��,i9j���>�A#(��B�4#"�($%V�*7��S(&�,-Li\];�\]; �=*%D�!�#($7 "��,
$%8CB!�*7B�4�5�2�2�$O 6$%!8��* �4�*%��&�*?�G 6$%!8���VW����!8�2r�($%8�D�*7��X ,1!32��4*:\];�\]; Rn�8�2  6���E#(�4�"&>*7 6$78�D-�*%D�4V�#"�-�=8�2
�4!,1L�&I U�= "$%!�81���8�VW�FV�&>#"2���8��"!�,-�9 f�&�#/ 6����#4R3���#(���)&�*n$%,-L�*%��,1��8w 6�= 6$7!�8g!�` 6�>�+�*%D!�#"$O 6��, $78��4*7&�2����
�8 �L�L�#(!�L�#"$%�= 6�g�U��!$%�4�-!�ML�#"$7!�#+2�$%�/ 6#($%V�&> "$%!�8 �)!�#�V�R��=�A "��$%�E���=8 $%8 P &��48>�4�.#"�L�$72d,-$OyI$%8>D�!�� 6�>�

V d



�U���$78���J � �= 6�D�!�L��=8^�8�2 �Z�8�2���*%* V i iROCQz9�ef���48^ "���.8w&�,aVW�4#h!��,-!I2���*%�A�4!�8>�"$%2>�4#"��2'$%�A8�! _ 6!3!
*?�=#"D��=R:��m�)!�#F��y>�,-L�*7�h$%8r!�&�# �F�kc'��y>�,-L�*%�=R  6�>�a,1�� 6��!32��52��4�(�4#"$7Vn��2 ���4#(�o�48��V>*%�h!8��h 6!�$78>�)�4#
 6�>�F��������������� "!�#"�N2�$7#"�4�� 6*O�-�)#(!�,<�"$78�D�*7��XP,-!32��4*W\];�\r;s#(&�8���RIST��$7�U�����8�VW� �4��"$7�4#c 6!a$7,1L>*%�4,-�48C 
 6���8K#(��B�4#"�($%V�*7� S(&�,1LK\];�\r; 9
� � � �	��� L � � � � � S �$�	����� 
��
���	��
�������
;M!�LC�3$%8�D1�M��#"8��#(2�!1�8�2 � ,-$7 6��J V i i>\>R�L��D�� V�]>] Q�R

�  
J���� � 6�� 6!��Q ��� = V ) �
� J��=/0�bQ H D E � , G ��� - H

ST�>�4#"�

� � � J(J �2) V Q&� ] Q

� J��
� ] Q � J V � ] Q
� �� � � - H &

� ����	������� ���!�"�#���	��
�$�%���
q5�($%8�Do "���E8�! U�G 6$%!8�!���Z�4#"8��#"2�!1�8�2 � ,-$7 "��J V i i \�R�L��D� V-e iCQzR

�  � J���� � 6�� 6!��Q��&�(' V ) V
� J��=/3�bQ�) �jJ�� /0�`Q+*-,/.1032"46587�9!:

;=<	>@?A> B=C DFEAEHGJI�KMLONQPQLDFEHGRNQPQLEHG$S$L 467�9�T >VU EXWYL[Z 7�9 &\^]`_ Tba ] ?O>c-d T"egf > _	h e c _ K�iFW e h=]jhOk flf >VUm? eon-p	q c h e U e8r >ts T >Vu _ e UA> KwvxK f ] UA? ezy{p ]-_ T G}|�~"i
���^����^�^�V� �R�����������l�&��������^�������l� �
� >@u _ > � E a L

C K��G E aJ��a �[L 9 ]-_ T F
E a L

C �G EH¡ �}a L 9 &¢ >VU £ E a L
C � I F

E a L� I � E a L
&

�6¤



� U n ]-_�� >J> ]-h e � k}h <	c6; _ Um< ] U�Um<	> f ] y"eof ] c`d UA<	> n c _ U e _�� c �	h d �	_ n U e c _
£ E a L c n�n � ? h ] U a �

C
a � � GRN�� K��3EH¡ �}a �tL
	 p ]-_ T UA<	> f ] y eof � f r ] � � >c-d$Um<	>d �	_ n U e c _ e h£ E a � L

C � I �K{� I F
E a �mL &

� � ?OUA<	>�? £ E a L�
� I � N`K{� p ]`h a � ����i� <	>(> y q > n Um> T r ] � � >c`d e _ UA>�?O> h U n ]-_�� >;=? e UAUm> _ ]-h

��� �� S EH¡�� a L�	 9
� ¡�� � ��� £ E a L
	 037�9�2 Z��

� I � E a L
	 , 037�9�� a :
;=<	>@?A> � � I � E a L�	 , 037�9 e h q ?Oc q cQ?OU e c _/] � Umc ]! s T > _	h e U k c-d�Um<	>d cQ? f¢ U E a � a � : K��3E G �

� LAN-G : G �
� L &

¢ e _ n >
�#" £ E a L

" £ E a � L p UA<	> e _ Um>�$-? ] � c _ Um<	>F? e $Q< U$< ]-_ T h egT > e h u _ e UA> � k T c fle _	] Um> T(n c _ r >@?%$Q> _ n >Um<">�cQ?O> f ;=<	> _ G�| � ]-_ T K�� | ~ i
���^����^�^�V� �R�R������������� ���'&)(x���l���+* ,
� >@u _ > G C.- E0/QL p ;=? e Um> /

C E G :21 L p ]-_ T h >@U£jC43 � �� SFE ¡5� GRL
	 9766666
¡ � ]-_ T 8

C43 � �� SFE ¡5� /QL�	 9966666
¡ � &

¢ e _ n > � c-UA< � N SFE ¡5� GRL ]-_ T � N SFEH¡��:/-L < ] r > n c flf c _ > y"q > n U ] U e c _ � N SFEH¡"L p e U h%� * n > h UAc h <	c6; Um< ] U£ " 8 i
3
y"q ]-_ T	e _ $ 86p ; >�< ] r >

8
C �;� �� SFEH¡�� G :21 L
	 9 SFE G :21 � ¡"L � 1 � GC �;� �� SFEH¡�� G :21 L
	 9 SFE 1 � G : ¡"L=<$E G>� ¡"L � 1 � GC � 8 E GRL S E G?� ¡	L � G

;=<	>@?A>
8 EHGRL

C � �� SFEH¡�� G :21 L
	 9 SFE 1 � G : ¡"L � 1�&
@ k n c _ Um? ]-h U p £ C � £ E G!L�SFEHG?� ¡"L � G�BA



;=<	>@?A> £ EHGRL C �� SFEH¡�� G!L
	 9 &� <	>@?A>@d c-?A> p e U e h�h � * n�e > _ U UAc q ?Ac r >�Um< ] U
£ EHGRL " 8 E G!L d c-? ] � � G i ¢ eof q � e d k e _ $ 8 E G!L p ; >(< ] r >

8 E GRL
C � �� SFE ¡5� G :21 L
	 9 SFE 1 � G : ¡"L � 1C � �� SFE ¡5� G :21 L
	 9

SFE ¡5� G :21 L SFE 1 � GRL S E GRLSFEH¡�� G!L SFE G!L � 1C �S EH¡�� GRL � S E 1 � G!LSFEH¡�� G :21 L � 1�&
� ]-_ n > � � e _ $jc _ >d ] n UAcQ? � N S EH¡�� GRL p ; >(< ] r >

£ EHGRL " 8 E G!L e d�SFE ¡5� GRL " � SFE 1 � GRLSFE ¡5� G :21 L � 1)&� < e h d c � � c6; h � k�� > _	h > _ - h e _ >�� �/] � e U k �	h e _ $ UA<	> T	e h UA? e ��� U e c _ SFE 1 � GRLti � _ Um<"> > r > _ U�Um< ] U c _ > c-?]-_ c`Um<	>@?�c`d�UA<	> e _ Um> $Q? ] � h T	e8r >�? $Q> h p
£ EHGRL " 8 E G!L f �	h U n c _ U e _ � >UAcl<"c � T i

� ���Q��� ���������
	 _ T ?A>V; h p � i � i ]-_ T � i�
�i� ] � � c6; h E ��� A�� LVi ¢ n ] � > fle8y U � ?A> h c-d _ cQ? f ] � e U k i�������������� �"!$#&%�'( ��)����+*,#-��#/.102#3.546���7*+��42.5'2#3)�8*+'2��.5'90;:=<?> p

�@�BAY� ~QP i
� ] ? � e _ p @ iBC�i ]`_ T �i 	 iB
 c � e h E ���@�-¤ LViD:E��)D'90F����G HJILK�.&��.546����:E��)M'90�NO'2#&%���G�0,!P���QR��#-�TS������U)B02.10 p� < ] q Um>@?

¤
p/q	q iYP-~

��A P �Q� i � < ] q	f ]-_b]-_ T V ] � � i� < e � p ¢ i E ���@�MW LtiX� ] ? $ e _	] � � e Y > � e <	c c T d ?Ac f UA<	>�Z e � �"h c � U q � U i[�����?�������;�"!\#&%�']S�I^'2��.546���*,#5��#3.102#/.546����SL090���42./��#3.5���`_�a p
��b"��bBA ��b P � i

� e � egn�n@e c p �i � i p c i
3 ied ]-hOh p 	 i

3 i c ] d�Um>�? k p ]-_ T 
�i+f ]`hAh >@? f ]-_ E ���@� A LVi � c flq � U e _ $ @ ] k > hd ] n UmcQ? h � k n c f � e _ e _ $ h egf � � ] U e c _ ]-_ T ]-hOk flq Umc-U egn ] q	q ?Oc y"eof ] U e c _ i;�����?���������"!g#&%�'hS�I^'2��.546���*,#5��#3.102#/.546����SL090���42./��#3.5���`_�i p
� ~ bBA?� �BW i

� c >�? $Q> p c iDf i p j i s @ i j > _ $ p ]-_ T @ i ¢ i�f > e ? E
���@� A LVi ¢ U ] U e h U egn ] � e hAh � > h e _ Um<"> h > ] ? n <�d cQ? $Q> _ > h]�k > n U e _ $l� �	]-_ U e U ] U e8r >�UA? ] e U h e _ > y"q >�? egf > _ U ] � q c q � � ] U e c _	h im*,#5��#/.102#3.546���+*+42.5'2�n49'lo�i p ���MW�A P ��� iZ> � d ]-_ T p 	 i

3 i ]-_ T � iTdji � > k E ������� LVi @ ] k > h e ]`_ f c T > � n <	c eon >�p ]-hOk _ q UAc-U eon h ]-_ T > y ] n Un ] � n � � ] U e c _"h iJ�������������q�"!h#r%�' ( ��)����+*,#-��#/.102#/.546���+*+��42.5'2#3)�8*+'2��.5'90;:ts�> p
W ~ �2AuW �P� i

��v



Z> � f ]-_ p 	 i p � i @ i � ] ? � e _ p V i ¢ i ¢ Um>@? _ p ]`_ T � i @ i c � � e _ E �����Q¤ LVi :E��)M'902./����Q ��#-�^SL�����U)B02.10Vi
� < ] q	f ]`_b]`_ T V ] � � i
Z?A>@> _ p C�i � i E

���@�@W LVi c > r >@? h e � � > � ] ? Y c r(n < ] e _ � c _ UA> � ] ? � c n c flq � U ] U e c _ ]-_ T @ ]6k > h e ]-_ f c T > �T >VUm>@? fle _/] U e c _ i : .5��I^'2#/��. � ���@i p
A �Q��A�A�b P i

d ]-hOh p c i
3 i ]`_ T 	 i

3 i c ] d�Um>�? k E ���@�MW LVi @ ]6k > h d ] n UmcQ? h i �����?��������"!g#&%�'RS�I^'2��.546��� *,#5��#3.102#/.546���SL090���42./��#3.5��� _�a p
A A�bBA A��MW i


 >@; e h p ¢ i+� i ]-_ T 	 i
3 i c ] d�Um>@? k E ����� A LVi 3 h U egf ] U e _ $ @ ]6k > h d ] n Umc-? h r e ] q c h Um>@? e cQ? h egf � � ] U e c _; e Um<jUm<	> 
 ] q � ] n >ts � >VUm?Ac q c � e h > h U egf ] UmcQ? i �,�����������+�"! #r%�'FS�I^'2�2.546���$*,#5��#/.102#3.546���?SL090���42./��#3.5��� _�i p¤��@vBA ¤MW@W i

� >@;�Umc _ p � i 	 i ]-_ T 	 i
3 i c ] d�Um>@? k E ���@��� Lti 	 q	q ?Ac y egf ] UA> @ ] k > h e ]-_ e _ d >@?A> _ n >�; e UA<(UA<	>�;�> e $Q< UA> T� e Y > � e <	c c T � c c-U h Um? ] q iF�����?�������q�"!�#&%�' ( ��)@���+*,#5��#3.102#/.546���+*+��42.5'2#/)l:ts�> p

bBAD�Mv i
c ] d�Um>@? k p 	 i

3 iME ���@�Q¤ Lti V k q c`Um<	> h e h Um> h U e _ $ ]-_ T�f c T > � h > � > n U e c _ i � _ f i c i Z e � Y h p ¢ i c egn < ] ? T sh c _ p ]-_ T � i � i ¢ q	e > $Q> � < ] � Um>�? E
3
T h i1L p N ��� � ��� 49%u��.&�^N ����#"'�������1�R.&� K��6��42#/.549' p � < ] q UA>�?

� ~ p q	q i�6¤�bBAY��v@v i � < ] q"f ]-_ ]-_ T V ] � � i¢ ] U ] $Qc q ]-_ p � i � i ]-_ T @ i ¢ i	� ]-_ T > � � E ���@�Q¤ Lti
3 h U egf ] U e _ $�Um<"> _ � f � >�?(c-dm� �	]-_ U e U ] U e8r >jUm? ] e U� c n@e r e ] �/] k > h e ]-_ f c T > � T >@UA>�? f e _/] U e c _ i � _�
 �9��49'9'6G�.&���0l�"!R#&%�' *+'942#/.5������� : .5��I^'2#3��.5490Vi � c e _ U¢ U ] U e h U egn ] � � >@>@U e _ $ h p � < egn ] $Qc i¢ ] U ] $Qc q ]-_ p � i�� i p @ i ¢ i�� ]`_ T > � � p � i 	 i � >@;�UAc _ p ]-_ T �i � i�� h%� cQ? _ E ���@�Q¤ LVi 	 @ ] k > h e ]-_] q"q ?Ac ] n < UAc T >VUm> n U;� �/]`_ U e U ] U e8r >Um? ] e U � c n@e �	h e _ $ � ] ? Y c rbn < ] e _ � c _ Um> � ] ? � c i��E'2�n'2#/.5490]o���� pv ~ W�A?v"�6¤ i

���


